For Reference 


= 
cS) 
cS) 
re 
4 
ro 
IS 
= 
S) 
es 
Pay 
Z 
a 
ta 
< 
ca 
eS 
eS 
) 
= 
Sa 
S) 
Zz 


ee 


Digitized by the Internet Archive 
In 2022 with funding from 
University of Alberta Library 


https://archive.org/details/Neudorfl1977 


~ lia on 
a 7 : 4490 
— 


7 
rh, se 


i? 


THE SUNTVERSITY OF ALBERTA 


RELEASE FORM 


NAME OF AUTHOR Pavel Slavomir Neudorf] 


TUICECOROTHES TS Pyrolysis of Mono- and Dimethylsilane 


oe. 6 =! 6) @ ee ole 6 8) le 28 © 6.8 (0: ce) 0) 610) 6 6 6°00 (6 6 0 <6 0) © 6 8 © s. 0 0 6 6.6 


@ © 6 © © © © © 6 © © © © G © «6 © © © @ © «(0 © © ‘6 © © ‘0 ‘¢ 6 ¢ 6 ©¢ 6 © € @ e ¢ © @ 


eceoeoeeee#eeece3e3ereeweeweeere3eeeeee3uxexee e 


Permission is hereby granted to THE UNIVERSITY 
OF ALBERTA LIBRARY to reproduce single copies of 
Unis thesas and to lend or sell such copies: for 
private, scholarly or scientific research purposes 
Ome 

The author reserves other publication rignts, and 
neither the thesis nor extensive extracts from it may 
be printed or otherwise reproduced without the 


author's written permission. 


’ igovg? * evry 1) 
av sigpvel® (eve minyak We SMe 7 


Ses £664).02 700 = 


came gAr errs wee with Ve abactorg? - orp aa 3TaTa ae 


99. gacgcedes chu ogue? oI Ie 
eel osteaey joeeta 270f Saat Wee 


YTI22 3710 oF 


TRE UNTVERSIAY (Or ARBERTA 


PYROLYSIS OF MONO- AND DIMETHYLSILANE 


by 


(Cc) PAVEL SLAVOMIR NEUDORFL 


AS THESES 
SUBMITED SiO THE EACUETY -OF SGRADUATESS LUDILES AND ERESIEPARCH 
NORA R AES PUR OEM BNI OF ih Ew REOULREME NT SEO Rh DEGREE 
OF DOGTORS OF PHTLOSOPTY 


DEPARTMENT 20s CHE MIS 1B 


EDMONTON, ALBERTA 


SER TING Ro 17, 


252°108 74 


asp AtHOTALe 12 


JEUNT A 
WAMAITIY UMA LAT FT RABE ee ©! jis watt 947 [eeee 
Syed 30787 1c: Fhe weliGts A 9 ifav caste By 


OL rd ae a ee 0 neTvL4 


TVLAINGAD VO THEM TTAI WW. 


ANS eee. , MOTMOMEL 


HHE UNTVERSE TY OFSALBERTA 
FACULTY OF GRADUATE STUDIES AND RESEARCH 


The undersigned certify that they have read, 


and recommend to the Faculty of Graduate Studies and 


Research, for acceptance, a thesis entitled 


PYROLYSIS OF MONO- AND DIMETHYLSILANE 


Submitted by 


PAVEL SLAVOMIR NEUDORFL 


in partial fulfilment of the requirements for the degree 


OfPlVocc oredr Pivibosoony™ 


ABSTRACT 


Mme Initia) stages of thes pynoiysis of 
monomethylsilane have been investigated between 340 and 
440°C in the pressure range 40 - 400 torr. The major 
products are hydrogen and 1,2-dimethyldisilane (DMDS) 
and the minor products are dimethylsilane (DMS) and 
polymer. The rate of decomposition is strongly 
dependent on the nature of the reactor surface. In 
the presence of ca. 10% ethylene the yields of Ho and 
DMDS are greatly reduced and DMS is not formed. Under 
these conditions the only observable reaction is 
homogeneous unimolecular elimination of H, COstGrmn 
Silylene, CH3SiH, it CHASTH: 5 H,,followed by insertion 
of silylene into the substrate to form DMDS. The rate 
parameters for reaction (1) are log Pes) = 
(4205. 0G I it(635 2004330 )/ 253k tron when 
2(CH,SiH:) = 53 kcal/mol and D(CH,SiH-H) = 69 kcal/mol. 


f 3 3 
The preexponential factor is consistent with a three 


AH 


Centered transition state. WlIne parallel and! in compet: tion 


with the molecular reaction (1), heterogeneous Si-H 


: 2 take 
cleavage also takes place, CH3STH, CHASTH. tes 
followed by a chain mechanism propagated by H and 
CHSiH, and terminated by CH 
chain length is about 10°. 


Bot H, radicals. The average 
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The pyrolysis of dimethylsilane was also 
briefly investigated between 440 and 500°C and 41 - 395 
LOgr. ine yields Of the major prouuctss Ho and 
1,1,2,2-tetramethyldisilane (TMDS), and particularly 
those of the minor products, monomethyl- and 
trimethylsilane (MMS,TMS) are surface-dependent. 
Ethylene has no apparent effect on the rates of 
formation of H. and TMDS but suppresses those of MMS 
and TMS. A reaction mechanism similar to that proposed 
for the pyrolysis of monomethylsilane is assumed to take 
place, involving molecular, (CH4),SiH, a (CHa) Si: + Hy 


SiH, 9% (cH,),SiH’ + H’ primary steps. 


3)2 Z 3)2 
The rate parameters for the molecular reaction are 


and fadical., (CH 


log alee = 14ers) = (68.0008 1 000/253) RT) “from 


Si-H)~ 74 kcal/mol and AH2((CH Si:) ~ 44 


3)2 f 3)2 
kcal/mol. The detailed processes occurring in the chain 


which D((CH 


propagation and termination reactions could not be 
fully elucidated but it appears that reaction (02) is 
also heterogeneous. 

The implications and ramifications of these 
results with regard to the thermal decomposition of other 


Silicon-containing compounds are discussed. 
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CHAPTERS 
INTRODUCTION 


Ayhesalbaconachemis try. 

Silicon is the second most abundant element on 
earth and its great technical importance (e.g. silicone 
oils, rubbers, semiconductors, etc.) has undoubtedly 
CONTrIDUtedyEOT Che rapid growth oOfesi li con chemistry, 
Darticulartysingthe Wastedecade. = tnapartieular, 
Significant progress has been achieved with regard to 
the kinetic-mechanistic aspects of gas phase reactions 
of silicon-containing compounds where silyl radicals, 
Rasiis arid silylenes, RoSi:, are often important 
intermediates. It has also become increasingly apparent 
that there are considerable differences in the chemical 
properties and reactivities of silicon and carbon analogs. 

In this chapter some salient characteristics of 
thessihicon -atomsandethe chemistry, of silyl radicals and 
silylenes will be briefly reviewed. The mechanisms of 
the thermal decompositions of silicon hydrides and 
methylated silanes will be discussed in some detail and 


the theory of unimolecular reactions will be outlined. 
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Wa = Conparitson BDetweenss iliivcon and iWarbon 


Silicon belongs to the group IVb elements of 
the periodic table and lies immediately below carbon; 
thererore ‘bothysilicon and carbon have sim lar“ground state 
electronic condi gurati ons”, ns¢ ins. where n = 2 for carbon 
antes FOr Sais con. “Since the main mode of bonding as by 
sp° hybridization, similar types of compounds such as 
nydii dese halides, ethers etc. 5) exist. for botir elements# 

Ine spite of apparent Similarities. there are 
however some important differences in the physical and 
chemical properties of analogous carbon and silicon 
compounds. For example, because the silicon atom is 
larger than carbon and is less electronegative, it forms 
weaker bonds with hydrogen and stronger bonds with more 
electronegative: atoms such as Cl, O05 N- 

Amore Significant property Of Silicon 1s the 
aval TtyY Oh Vacant od OrbDIkals bY wwihichs Voecan expand 
LitSeccOOnGlnaton, nuMDer tO, TIVE Orsi x Coston sp°d or 


spade hybrids, respectively 2. 


ine vacant 3d orbitals 
ifesiltcon lie about 130 kcalymols above the highest 
OoCccuUpIed orbitals whereas in carbon the energy difference 
TSeapouty 220" ical) mo] he Ine carbDon.  tnemsdOnrp it alism are 
WO te WiKe lyesvOminl ee Sits TAGLOTT TY Wiehe the 2smand 2p 


Orbitals, not only because they are substantially higher 


in energy, but also because the radial maximum of the 3d 
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orbitals is not likely to come near that of the 2s and 2p 
orbitals®. Silicon d-orbitals, on the other hand, are more 
readily available for the formation of additional bonds 

and stabilization of intermediates and transition states, 
and may also enter into cae pe interactions with neighboring 
groups or atoms<??, 

Another important difference between silicon and 
carbon compounds is the stability of Dae bonds. Although 
it was long believed that silicon does not form double 
bonds, convincing evidence has been obtained in the last 


few years for the transient existence of Hee Seco 


Sao. si=n® and siss/ bonded reaction intermediates; 
very recently, Me,51=CHMe has been identified? as an 
intermediate in the irradiation of trimethylsilyldiazome- 
thane in an argon matrix at 8°K: 


Me.Si-CHN = Me,Si=CHMe 
3 é 8°K.Ar é 


The Si=C bond is highly reactive and trimethylsilaethylene 


undergoes dimerization above 45°K: 


a 


CHMe 


2Me,S51=CHMe > 


2 MeHC ——- SiMe, 


The first stable compound having a Fra Ne Silicon-carbon 


bond, 


Py 
€ i 
bs 2: 
@ a | 
i) 1) = 
4 
; 


7 re. 
- 
a x ae 
eo “ab tink 28 war ee 
Wie ae ied WeAte Ad) 29 \cabagrernase war FER 9 | 

hod Peneta (05> vn ai lanes iis ve? a ae PhOOR RUGS ny 
err ee bs. pase lSenmrT! 6 oe tea ROU Bae 


: 
fur suavig 0 (iw ahrieoawin »ue)? win icind Oe Veo Diy 7 
| a 

babi genti(S eaewseod °G syoebik Jakinva) Tenguihe ; 
| | | ? 
LC aay shivileet) (Sa ie 


: , 
Shieh nel cow eohE MALT) re IO See ae row 2b : 

ai une a) Guile » ofat ad 4) inel its sateees aaa : 
aaa ahs } eiertolawe disj-<pe% ) als oR) aiaee wa” 


TS a oO hi \Vileie hnt GRINS ene - 


As 88 py) PL gree “ay 1) wp . ‘nepeg? 7 i 
14 | avay : 
7 | eT UROL CAe ae Le eS Hsia ia ap : 
: ; om j 7 pea? i pn G Ae ff. _ 7 
* uit ny 
aadiy 7 ; of - dat . _ 
4,4°m 7 . ; 


Moteaiesti ait yi (1) Serra Vinge s) Wee ere ort 
} i Be leudagiigh tic pidge 
qn) = gel 


te ae = ike 


a 


oh dz guetid - 


HGe ee re (CO) 


< 3 


SiMe.) 


has been prepared recently>. Stabilization was achieved 
by coordination with a transition metal. This compound 
has been found to be stable up to 80°C. 

It is not clear why silicon-carbon double bonds 
are so unstable; several theoretical calculations !° have 
Deen however, that the Si=C bond is very polar 


(Si=€)eand this could explain its thigh reactivity. 


2. Thermochemistry 

Reliable thermochemical data are crucial to the 
understanding of homogeneous processes. Thermochemical 
data for silicon compounds however are sparse and often 
lack internal consistency. Combustion calorimetry does 
not sziela reliable neats of formation for silicon 


11 


compounds due to the formation of polymeric S10, and the 


occurrence of uncontrollable explosions; the measurement 


of heats of hydrolysis appears to be a more suitable 


mechod. os Several bond interaction schemes have been 


Sugges tedmnorm calculating heats Of formation Of Siticon 


compounds '32!4, 
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Significant progress has recently been made in 


the determination of bond dissociation energies D(Si-H), 


ARSE Reis 1 


DUSi=Si,) cand D(ST-C) byl kinetic and electron 


is 


impact studies Some selected bond dissociation 


energies of silicon compounds are given in Table I-13; they 
seem to indicate, first, that the bond dissociation 
energies D(Si-H), D(Si-Si) and D(Si-C) are apparently 


independent of the number of methyl groups attached to 


i3 


silicon and secondly, that the second bond dissociation 


energy in STH, is significantly lower than the first ?, 


This is not observed in carbon compounds, e.g. 


D(CHz-H) = 10441, D(CH,-H) = 10446, D(CH-H) = 10846, 


D(C-H) » 8] cee Voie Oo Similar large differences between 


the first and second BDEs were also observed for 
ae Men Geis Me,Si6?. 


It appears therefore that the stabilities of 


D(St=t1)) San S1¢) 


the divalent species, silylenes, are greater than those 
of the carbene analogs. Increasing stability of divalent 
radical species is a general pattern observed in group IVb 
elements, and thus silylenes are expected to play impor- 


tant roles in many gas phase reactions of silicon compounds. 
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TABLE I-1 
Selected Bond Dissociation Energies of 
Silicon Compounds 


Compound D(Bond) Reference 

HaSi-H 94+3 18 

88 tke; 
HoSi-H 59 19 
HSi-H 84 19 
Si-H 70 19 
HeSi,-H 90 20 
MeSiH,-H 89+4 13 
Me, SiH-H 89+4 13 
Me ,Si-H 89+4 13 

88 16 

89.9+2.6 15 
C1,Si-H ON fro teat 19 
HaSi-SiH, 81+4 21 
Me ,Si-SiMe. 8] Ze 

80.5+1.0 17 
Me-SiH. g5+4 13 

86+4 18 
Me-SiMe, 85 8) 
Me,SiCH,-H 97 24 
Me-Si,CH,-H 96 25 
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32 SIN) Radicals 
The structures of alkyl and silyl radicals are 


different. Whereas the methyl radical CH is planar<°, 


oe) 


the Sill radical is pyramidal The effects of 


substituents on the structure of silyl radicals have been 
reviewed recently °¢. 

Silyl radicals undergo elementary reactions 
Similar in type to those encountered in the chemistry of 
alkyl radicals such as dissocrati on. combination, 
disproportionation, addition to multiple bonds, atom 
abstraction, etc.; however, they often proceed with 
different rates and/or yield different kinds of products. 

Information on the thermal stabilities of silyl 
ragicals %S Stil very limited, DUt in general they appear 
to be more stable than their carbon analogs: the 
trimethylsilyl radical, for example, has been found?! to 
be thermally more stable than its hydrocarbon analog the 
te Duly ieradiicalm since GecCompOSiilOneWdSenot «Observed sup 


to 400°C. Similarly, dimethylsily1>" 32 


and disilyl 

radicals are stable up to 200 and 220°C, respectively. 
Relatively few elementary reactions of silyl 

radicals have been investigated kinetically, particularly 


in the gas phase, since not many "clean" radical sources 


are known. 
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Gammie et al. used the photolysis of bis- 


trimethylsilyl mercury, 


hv 


Hg + 2Me,Si + Hg 


(Me2S4 4 


5 > 


as a source of trimethylsilyl radicals. The disproportion- 


ation-combination rate constant ratio, 


2Me 351 > Me,SiSiMe. 


= Me,SiH — CHoSiMe. 


k fk. uv 0.046 is much smaller than that for t-butyl] 


Sie due to the instability of the silicon- 


33 


Keacicalss, 3.10 
carbon Dae Ble bond. Gammie et al. also photolyzed the 
mercurial in the presence of silanes having readily 
abstractable hydrogen, and measured rate constants for H 


aDStracuvon Dye trimethylsilyl radicals: 


Me.S1 os HoSiR, > Me SiH ap HSTR, 


It was also possible to estimate the rate constant ratio 


of the cross-disproportionation 


Me 351 + HSIR, > Me .SiH + “SIR, 


and combination reactions 


Me Si “5 HSIR, > Me ,S1-STHR, 
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between trimetnyisiiy ly radicals andsotner si1yl-radicals. 
and the values of alae are summarized in Table I-2. 
The mercury Gy photosensitized decomposition 


32,35 31,36 is another 


of silicon hydrides and alkyl silanes 
relatively clean source of SvTIVIe radicals inthe gas phase, 
and has been used to measure the rate of recombination of 


trimethylsilyl] radicals °° 


and K fk. ratios, for different 
Stiy biradtieals Ihe results are also; given in Table a2. 
The pressure dependence of the Kgi ke Vat Oe Ove cos tel yal 
radicals*< reflects the instability of the chemically 
activated tetrasilane molecule. The chemically activated 
product disilane formed by recombination of monosilyl] 


radilediS 14S unstable upmto 1000 torrs22?°: 


SiHS TUS, = (SinHa) se stW, » =StH, 

This is in marked contrast to the recombination of methyl 
radicals where the product, ethane, is stabilized above 
a few torr total pressure. 

Photolytic decomposition of di-t-butylperoxide 
in the presence of silicon hydrides has been used for 
some kinetic studies of silyl radicals in the liquid phase. 
Silyl radicals are produced by H-abstraction by t-butoxy 


radicals, 20. 
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Values of K G/k. for Various»s1lyl) and 
Methylated Silyl Radicals 


Radicals 

Me 351 Me.Si 
Me Si Me Si 
Me Si Me,SiH 
Me Si MeSiH, 
Me,SiH Me,SiH 
MeSiH, MeSiH, 
MeSiD, MeSiD. 
SiH, Si,H, 

SiH, SiH, 
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TABLE I-2 
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Me ,CO0CMe > 2Me C0 


Me CO * HSTR. > Me .COH a SIR, 


and their concentration can be monitored by electron spin 
resonance spectroscopy. 


cy) 


Gus Gas paws ghakzkip,and Choo used combined 


flash photolysis and electron spin resonance spectroscopic 
methods to study the reactions of SH, and Me .Si- radicals 
with the parent silanes between -150° to -120°C and -82° 
to 20°C, respectively. Bimolecular self-reaction has been 
established as the dominant path for disappearance of the 
radicals, and no evidence was found for the propagation of 
the chain by reactions 


STH. a STH, Ge STH oat 


H + STHy 2 Hy 


which were postulated in the pyrolysis of Srp 470 


The same technique has also been used to study 
Wilewrave Ot tacd it) On 77 ae and Me.Si- radicals to 
ethylene? which was concluded to be a very efficient 


SGCavengervor srry radicalse= the rave cons talc Toretne 


addition reactton 


Me 251 fF CH=CH, > Me Si CH, CH, 
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is k(M's7!) = 107° exp(-2,500/RT); the fact that the 
activation energy is considerably lower than E. for 
methyl, ethyl and n-propyl radical addition to ethylene, 


pete pecns 


and 7.4 kcal/mol’, respectively, was explained 
in terms of stabilization of the carbon-centered free 
radia calgdyeans=ssiiacon substituent. sMonosilyl radicals 


SiH,, react with ethylene even faster than Me,Si- Hey 


SimimarivyemPol Lockeet aio found that the rate 
OtThaddatron Ofldisal ¥ylaradica iss Sighs: to ethylene is 
about three orders of magnitude faster than the correspond- 
ing rate for CoH, radicals; this was attributed to the 
gneatersphysicalysizeyotvthessi li conespeorbitalspe@gqredter 
polarizability and availability of the 3d orbitals on 
Silicon, anduthentetrakvedral configurataon of ethers: ly! 
raducals 

Both ethylene and nitric oxide have been found 
to be very efficient scavengers of silyl radicals and this 
fact has been used to help elucidate the decomposition 
mechanisms of a variety of silicon compounds 2! 234 243-50. 

Since D(Si-H) is lower than D(C-H), the rate of 
hydrogen abstraction from saturated compounds by silyl 
radicals is expected to be slower than that by the 
corresponding alkyl radicals, which abstract H atoms from 


Si-H bonds very efficiently. A large body of information 


has become available on the hydrogen abstraction reactions 
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D¥yP alkyl radicals Troma vaniety ior silanes?) 20°. 


The A 
factors are similar to those for abstraction from alkanes 
but the activation energies are lower, in agreement with 
the trend in the bond dissociationmenergives. The Arrhenius 
Peraneters=Tor=h aps tractioneby wmethy “radical sm Tromnoi=n 
bonds of monosilane°® and methylsilanes’. are listed in 
Table I-3, where it is seen that the activation energies 
for abstraction from all the methylsilanes are practically 
tne same. [his 1s also consistent with recent bond 
strength measurements (Table I-1). Silicon forms stronger 
bonds to halogens than does carbon, and abstraction of 
halogen atoms by silyl radicals from alkyl halides jis an 
exothermic process. 

The chemistry of silyl radicals and some 
Arrhenius parameters associated with these reactions have 


been recently fowdiewed= 212°, 


4. Silylenes 


Silylenes, the divalent radical silicon analogs 
Otecarpenes.. Dilay a very Important sole in sil teen 
chemistry. 
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TABLE 


I-3 


14. 


Arrhenius Parameters for Hydrogen Abstraction by 


Reactant 


CHZS7H., 


(CH,),SiH, 


(CH) ,SiH 


Methyl Radicals from Silanes 


9.26+0.17 


9.28+0.24 


9.04+0.18 


8.69+0.27 


ais 


> Keal/mol 


a 


7.47+0.29 


8.13+0.39 


8.30+0.31 


8.31+0.47 


Reference 
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(HSiH angle ~ 92° ) and therefore little diradical 
character is expected. 

Silylenes are formed in the decomposition of 
many silicon compounds brought about by the action of 
heat, radiation, electron impact, silent electric 
discharge, or by chemical activation; in most decomposi- 
tions, however, silylene formation by the so-called 
"molecular" process is accompanied by single bond homolyses 


which lead to the formation of silyl radicals: 


Although the formation of silylene requires the splitting 
of two bonds, this is partly compensated for by the forma- 
tion cf a new bond and thus the endothermicity of the 
molecular process might actually be lower than that for 
Single bond fission. A fine balance has been found to 
exist between these two modes of decomposition’© and this 


aspect will be considered later in more detail. It has 


been shown that pyrolysis of some disilanes, Deine ed 


H351STH, + STH, “ STH,: 


MeH,SiSTH,Me > MeSiH, +  Mesil: 


(Me0)Me,SiSiMe (OMe) + Me,Si(0Me) 
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may be used as a clean and convenient source of silylenes. 

Silylenes may either polymerize, react with the 
Silane precursors or with a "trapping" reagent. Poly- 
merization, insertion into single bonds, and addition to 
multiple bonds are three types of reactions which 


characterize most of the known chemistry of silylenes’*, 


of which several review articles are available? (20>? 207 205 


63 


Very recently, evidence has been obtained TOr 


dimerization of dimethylsilylene to tetramethyldisilane, 


2(CH,),Si: ae (GH Si=Si(CH 


3)2 3)2 ° 


and a novel rearrangement to l-methylsilaethylene 


(CH,),Si: = CHASTH=CH, 


followed by dimerization to 1,3-dimethyl-1,3-disila- 


cyclobutane 


HS1———CH 


| Z 


2CH,SiH=CH, > CH. 


CHS SiHCH, 


has been suggested’>. 


Silylenes are generally less reactive than 


caybenes’ '; they insert rapidly into Si-H, Si-O and 


Si-halogenmponds... bute not a nto odeC.. CoH vor C-C: bonds; 


insertion into the Si-Si bond has also been Suggested”. 
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The absolute rates and Arrhenius parameters for 


insertion into silane and disilane, 


Soil ty mt ee tied a MS 


2 4 ab 
:STH, + STH, > Si 3H. 
have been measured: koi, = 10°*exp(-1300+1100)/RT and 
4 
kes y= 107*7exp(-400+1200)/RT(M's”'), respectively” 
25 


The high preexponential factors and low activation energies 
Indicate that insertion of :STH, into the Si-H bond is an 
extremely rapid process. 

Relative rates of insertion of ?SiH, into the 
Si-H bond of silicon hydrides and methylsilanes have been 
measured by two groups who offered two alternative 
65567 


explanations for the observed trends. Ring et al. 


found the following order of reactivity (per Si-H bond), 


Me3SiH > Sigh. > Me,SiH, > MeSiH., > STH, 


and rationalized the results in terms of the electrophilic 
nature of STH, and, the hydridic Character Of o1-1 sponds. 
i.e. the greater the negative charge on the hydrogen, 

the faster the rate of insertion. Cox and Purne11°® 
however found a different order of reactivity, 


Me,SiH > MeSiH, > Me,SiH, > SI5H, > STH, 
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and concluded that the differences in the rates reflect 


differences in the Si-H bond dissociation energies. 


In view of the most recent values of en bee however, 


the explanation offered by Ring et al. appears to be more 
plausible. 
Silylenes also react with a variety of 


unsaturated organic compounds. Addition across the double 


597,,045'6957 0 


bond has been shown to proceed via unstable 


Silacyclopropane derivatives, e.g. 
19 a 
Sue nete CHOC Heil aie Ga Men dee oH 
2 2 Trees 2 
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Silylene reacts very rapidly with 1,3-butadiene, and 


7] 


Jenkins et al. found that addition Of =Sih.-. vO 


2 
1,3-butadiene can compete favorably with insertion into 


Sites 


however, is relatively low. For example, Atwell and 


the reactivity of silylenes toward ethylene, 


Weyenberg?” reported the following order of relative 


reactivities towards ‘SiMe, 


Saturated hydrocarbons < benzene < ethylene << 


dimethyoxytetramethyldisilane < dienes and alkynes. 


Since ethylene is an effective scavenger of 
silyl radicals on the one hand but is unreactive towards 


silylenes on the other, this can be used to advantage in 
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elucidation of the types of bond cleavages occurring in 


the decomposition of many silicon compounds. 


9. Homogeneous Decomposition of Some Silicon Compounds 


Significant advances have recently been made 
with regard to the kinetic and mechanistic aspects of the 
homogeneous gas phase decompositions of some silicon- 
containing compounds, particularly silicon hydrides and 
methylsilanes. The results, which will now be reviewed, 
can be classified according to the methods used, namely, 
mercury photosensitization, direct photolysis, chemical 


ectrvatiron ‘and “pyrolysis. 


(i) Mercury (°P,) Photosensitized Decomposition 
Since most silicon hydrides and methylsilanes 
absorb only in the vacuum UV region, mercury 


photosensitization can be used to advantage: 


Hg('S.) + hv(254 nm) > Hg(*P,) 


3 * ] 
Hg( P1) +M + M + Hg( 


So) 


The energy transferred to the substrate M is v 112 
kcal/mol, a quantity more than sufficient to induce 


CUDCUre rT o1=G,cc1= 1 OF S191 bonds. 
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The occurrence of radical] and’ molecular primary 


steps in the Hg(°P,) photosensitized decomposition of 


monosilane has been proposed’ 2244231 


: 3 Bias . ] 
SHI AP THR eA a ASIEN, Om TR ae iniegl 
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but the experiments conducted in the presence of nitric 
oxide © suggested that formation of silylene is not 
important. 

Similarly, Nay et a) Showed that the only 
major process of importance in the Hg(°P,) photosensitized 
decomposition of methylsilanes is Si-H bond cleavage. 

A minor contribution from a molecular process leading to 
Ho and silylenes was postulated in the cases of MeSiH, 


and Me,SiH, in order to account for a signiticant mass 


imbalance between the major products. 


(ii) Vacuum UV Photolysis 


The gas phase photolysis of monomethylsilane 


45 ,46 


has been investigated using the xenon and krypton 


resonance lines at 147.0 and 123.6 nm respectively (the 


absorption of methylsilane is continuous in this region’°). 


The primary quantum yields are summarized in Table I-4, 
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Primary Quantum Yields 
12326 nm 


TABLE [-4 
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CH351D BE Do 


CH257D arial) 


CH,SiD, + HD 


CHSID. + H 


CHD a 51D, 


CH. rail Wie <2 S1D, 


Ue Une tect 


CH, mus S7D., 


Photonic energy 195 kcal/mol. 
Phe tonic energy 23) kcal/mol. 
References 45 and 46. 


in the 147.0 
Photolysis of Monomethylsilane 
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where it is seen that the primary quantum yield for the 
elimination of molecular hydrogen and formation of 
methylsilylene, step (1), becomes more important as the 
photonic energy is decreased. This seems to indicate that 
molecular elimination is the lowest energy path for 
decomposition of methylsilane and might assume more 
Significance as the energy content is decreased. 

The gas phase photolysis of dimethylsilane at 
147.0 nm has been investigated by Alexander’! and the 
primary mechanism is shown in Table I-5. In view of the 
large amount of energy absorbed by the molecule, it is 
not surprising to find a very complex fragmentation 
pattern; molecular elimination of hydrogen from the 
silicon atom and formation of dimethylsilylene, step (6), 


is apparently unimportant. 


(iii) Chemical Activation 

A chemically activated molecule is formed either 
by radical recombination, insertion or addition of 
divalent species. The energy content of a newly formed 
vibrationally excited molecule can be calculated from 
thermochemical data. 

The kinetics of decomposition of chemically 


activated dimethylsilane have been studied by Hase, 
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Primary Mechanism for the 147.0 nm - 


TABLE T=5 


Dimethylsilane-d, : 


] ‘ 
a CH4SiD 3p CHD 


CH2Si1D 4. CH. + 


Sa Dee cen 


2 3 


CHASiD, + Ch 


2 CH.SiD.H + CH 


3010, 2 
8 (CHa),Si + D, 
CWS Le: 
2 3 


8 CHCH,Si + Dp + 


JMCHACHaS een Dera 


Cans 


2 OUCH Oo WO rtan kl cast 


3 


1] . 
= CH, CH3S1D, +H 


2. ; 
it CHCHSiD + HD 


Photenic energy 195 kcal/mol. 


From reference 4/7. 
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24. 


Mazac and Scones 


Vibrationally excited dimethylsilane, 
having an average energy content of ~ 130 kcal/mol, was 
produced by insertion of singlet methylene into the Si-H 
bond of methylsilane. The decomposition paths and the 
rate constants are shown in Table I-6. Comparison of 
Tables I-5 and I-6 substantiates the previous suggestion 
that molecular elimination of hydrogen from simple silicon 
hydrides becomes more important as the energy available is 
lowered. This process might therefore be expected to be 
of major significance in thermal decompositions. 


ihe) 


On the other hand, Cowfer et al. studied the 


reactions of hydrogen atoms with STH, s CHASiH, (CH) SiH, 
and (CH) SiH, where chemically activated molecules are 


formed by radical combination reactions such as 


. * 
Set oh Bu R3S1H 


(the minimum excitation energy is approximately 

Ff = D(Si-H) =~ 90 kcal/mol), and concluded that 
decomposition via molecular elimination channels is 
negligible since they require rigid transition states: 
this would markedly decrease the sum of states available 
to the transition state complex and therefore substan- 
tially lower the rate of molecular elimination compared to 


single bond cleavage. The authors also pointed out that 
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TABLE I-6 
Reaction Paths and Rate Constants for the 
Decomposition of Chemically Activated : 
Dimethylsilane 
f 9 2 
Reaction Oke. s 
. * 
(CH) ,SiH, SPepnoductcs 4.0 
i : 
CH. = CHASiH, v0.90 
ie 3 
CHa + CH3S7H 0585 
3 (ONES s SEL 1.90 
3 (CHa) SiH + H 10.30 


¢ Average excitation energy 129+4 kcal/mol. 


b From reference 74. 
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Since the bond dissociation energy D(Si-CH.) is lower 
than D(Si-H), the main mode of decomposition of 


methylsilanes should be via Si-C bond cleavage. 


OLY ROLY SHAS 

In ea eanen activation the heat absorbed by the 
molecule is converted into vibrational energy which is 
assumed to be equipartitioned among the various internal 
degrees of freedom. Because of this energy equiparti- 
tioning the weakest bond in the molecule is the one which 
1s eventually homolyzed. Although there are exceptions, 
most molecules decompose from the highest vibrational 
level of the ground, singlet state, and hence much of the 
kinetic and thermochemical data available today have been 
derived from pyrolysis experiments. 

Quite frequently, however, the system may be 
complicated by the occurrence of heterogeneous processes, 
radical chain reactions and secondary thermal decomposition 
of the products. In many cases these difficulties can 
be overcome by studying the effects of surface, addition 
of radical scavengers, and by keeping the reaction 
conversion very low. Flow systems have been used to 
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Pyrolyses of simple alkanes proceed by the well- 


76 in Which the mitidal Ss 10W 


known Rice-Herzfeld mechanism 
dissociation of the parent molecule into radicals via 
homogeneous C-C bond cleavage is followed by fast radical 
chain reactions. Except for the case of methane, primary 
molecular elimination of hydrogen does not appear to be 
STOnt hrcant.” “In contrast. silicon-containing analogs 
apparently decompose by parallel and independent radical 
and molecular processes; the reactions are often partly 


heterogeneous and radical chain mechanisms are allegedly 


involved. 


(eis ilanes 
The pyrolysis of disilanes has attracted a great 

deal of attention in recent years and the mechanisms of 

the decompositions of Si5He and of all the methylated 

disilanes are now well understood. 

With the exception of hexamethyldisilane /©*!7 


where dissociation of the S1=S1 bond and formation of 


Me3si, radicals 


Me,SiSiMe. > 2Me 351 


occurs simultaneously with Me5Si: elimination, 
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all the other methyldisilanes were found to 


decompose exclusively by unimolecular, homogeneous gas 


phase elimination of silylenes. The pyrolyses of 
: 573 9480 DOS 9 
Si He 


elimination of silylene. 


and Si 3H, also proceed via 

Some Arrhenius parameters for the elimination of 
silylenes from disilanes are shown in Table I-7. It is 
Significant that "all the dctivation energies, except that 
for Me Sis, reaction (3), lie within’ a narrow range, 
486.0+2.0 kcal/mol; these values correspond approximately 
to the reaction enthalpies since the activation energies 
for the reverse reactions, insertion of silylenes into 
Si-H bonds, are very small and close to Ferro All the 
reactions (except (3)) involve a 1,2-hydrogen shift and 
since the bond dissociation energies D(Si-H) in the 
S) Paive “producus., “1. e% SiH; MeSiH,, Me SiH, and Me SiH, 
are independent of the number of methyl groups attached 
tozthe Salicom atom, (ct. lable J=-1) 1t mights therefore 
appear that D(Si-Si) and D(Si-H) in disilanes are also 
unaffected by increased methylation on the silicon atoms !3. 
The relatively high activation energy for reaction (3), 


and the fact that to date there is no evidence of silylene 


insertion into Si-C bonds suggest that the activation 
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energy for the reverse reaction (-3) must be high. This is 
in agreement with Davidson's earlier qualitative predic- 
tion?® that silylene elimination is only important if the 
precursor silane molecule contains Si-H bonds into which 


iINSErEIONAIS = possibile. 


(ii) Monosilane and Methylsilanes 

In comparison with disilanes, the pyrolyses of 
monosilane and methylsilanes appear to proceed by more 
complex reaction mechanisms which have not yet been fully 


elarified. 


(a) Tetramethylsilane 


The pyrolysis of tetramethylsilane has been 


extensively used for the preparation of carbosilanes®', 


compounds with aiternate silicon and carbon atoms in the 
molecular skeleton. The kinetics of the pyrolysis of 


Me asi have been investigated in a flow systeme* 


Methane was one of the major reaction products, presumably 


formed by Me.,Si-Me bond cleavage, 


3 
Me ,Si > Me 251 + Me 


Me + Me ,Si > CHa + Me .SiCH, 
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and the following first order rate constant was reported: 
log k(s-') = (14,340.23) - (67600+800)/(2.3RT) 


The activation energy however is less than D( Me ,Si-Me ) % 


T3233 


son kcal/mol and this seems to indicate the presence 


of free radical chain reactions in the system, such ago. 


Me + Me Si > CHa + Me.SiCH, 


Me,SiCH, > Me,Si=CH, + Me 


Some heterogeneous reactions must also participate in the 
decomposition of tetramethylsilane, since the rate of 
decomposition and the relative product yields were both 
affected by the nature of the reaction vessel surface’= 
Moreover, the low thermal stabilities of some of the 
products and radical intermediates preclude the assignment 


of a complete mechanism. 


(b) Trimethylsilane 
Complications of a similar nature have also been 
encountered in the pyrolysis of trimethylsilane. This 
reaction was originally proposed’® to be a radical non- 
chain process, in which hydrogen and methane are formed by 
Si-H and Si-C cleavage respectively. The following 


Arrhenius parameters were determined: 
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log ky (s~') = (15.6#0.7) - (80,300+500)/(2.3RT) 
2 


log key (s7!) = (15.940.7) - (76,500+500)/(2.3RT) 
4 


However D(Me,Si-H) ele is 


D(Me-SiMe,H) = 85 Peal iniole 


mechanism is not quite so simple as previously proposed?>; 
51,84 


i2 


89 kcal/mol 
3 


and 
which suggest that the actual 
moreover, recent experiments strongly indicate the 


presence of radical chain reactions. 


(c) Dimethylsilane and Monomethylsilane 
The pyrolysis of dimethylsilane has not been 
reported in the literature and only qualitative results on 


the pyrolysis of monomethylsilane have been feccmibed: 27 oon 


The pyrolysis of monomethylsilane was claimed®° 
to be "a remarkably clean" reaction, since the major 
products consisted only of hydrogen and 1,2-dimethyldisilane; 
dimethylsilane and a solid polymer were minor products©>, 
Ring et eile suggested that both methylsilyl and 


methylsilylene radicals are formed in primary reactions, 


MeSiH., > MeSiH, at 


MeSiH., + “MES TH 7 tt H, 


and Davidson’© claimed that Si-C cleavage 
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MeSiH. <= Mea + SiH, 


takes place as well. 


(d) Monosilane 

The nature of the primary steps in the pyrolysis 
of monosilane is probably one of the most controversial 
Tssues in the chemistry of silicon compounds and in spite 
of numerous studies carried out over the last 40 years 
there is still no agreement on the mechanism of this 
reaction. Because the experimental results on this 
reaction were of prime importance in the elucidation of 
Our own work, the pyrolysis of STH, will be discussed in 
more detail. 

The first extensive analytical and kinetic 
investigation of the pyrolysis of STH, was Carried out by 
Purnell and heehee At low conversions the two major 
products were Ho and STH, Mara Gd U1 OrO 1. 91k 26s erNe 
minor products were Si 3H. and a polymeric solid. The 
orders of formation of H and Si 5H were ~ 1.5 with respect 


tO ne Substrate, and the rate of formation of the major 


products could be described by the relation 


Leen 


R(H,) amore Rico det 


pe) exp(~222299) [sing] 


aA) 


~t 


: pie + “aS Neon 
4 
Jan 
; : ; -nel Feaml (ow 
: oteutotyg a oi coo)? emake, Sdr To atddon od? one 
fereneedtiats ten she Po ung 4 *sser3e 2h oat teanom PO 7 
. sotge hl Pus, & mea footl?’e Uo heemeag tid ei) gouzat 
| eyiey C.ay4) ot ark © bof ibs 7s00viy genterun to 
an) 
ene: io an 4s 4o0 4senasanre cae Phe ai sists ; 
. srt ne arluoes Ut etveges ott siboml 70) 99897 4 
hal, Gil yt 7? Tih BO6INOIF sWivg@ a ai3u ott? 
7 


wi tearetaiO 2001 Y Ale Fu 2tewhonys iy do awa Pu 
| Téeteb atom 
| Fieoel® Gye leartylemé, si teasies tanh eat aaa 
we Fi: bel4ane van he 4 rieyforwg- anh fo rottophya Ta 
ahem tut, At) rhetzaevngs wal 2A per a ‘bob TT 

BEY fh Tbs Slaet e niet ie Qh eee 

WT  “ptfer Siam fod a bas 7? ann edae 
donqeeT MWA oFoW ire Bie’, ft Ve ner ewret Fay 
Som edd. Fo. vient To lagen ws She eteineiile 


hyt atoe ope qt Baornagab od 
: i ; <<) 7 - 


| 


Purnell and Walsh also observed that the reaction 
rates were fast and erratic in a fresh, nitric acid-washed 
vessel, but were lower and more reproducible once the 
Surface became coated by silicon; in such silicon-coated 
vessels, the reaction rates were independent of the surface 
to volume ratio which suggests, but however does not prove, 
the absence of heterogeneous reactions. The addition of 
inert gases caused an acceleration of the reaction rates 
but the reaction orders were unaffected. 

Purnell and Walsh suggested two mechanisms which 
would be consistent with their results: mechanism A, 
molecular hydrogen elimination followed by insertion of 


silylene into the substrate: 


Mechanism A: 


SiH, > :SiH, + H, Ge) 
“SiH, - SiH, > SiH, (2) 
“SiH, + Sig, > Si3H, (3) 


and mechanism B, homolytic silicon-hydrogen bond rupture 
followed by a free radical chain propagated by H atoms and 


SiH, Yadica Se 
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Mechanism B: 


Sit SoBe, + H- (4) - 
leatinel ii vauloet Sin, ies 
SiH, + SiH, + SinH, + H” (6) 
coats > Sint, Gh) 


Thermochemical considerations led Purnell and Walsh to 
favour mechanism A. Moreover, the decomposition was 
carried out at relatively low pressures (35 - 230 torr) 
where the unimolecular first order rate constant for a 
light molecule such as STH, may well be pressure-dependent: 
this would explain the experimental reaction order of 1.5 
and the accelerating effect of inert gases on the rate of 
decomposition. 

Further support in favour of mechanism A came 


87 who obtained the data 


from the work ot von and Purnell} 
required to calculate the equilibrium constant between the 


PYOQUCTS OF tiie two possible modes of “decomposition of SiH 


4 9 
© - A aa 2 . 
Sify ras ne “SiH, + Hy (8) 
Ataro 0.0K; Ke = io and thus STH Should preferentially 
decompose via silylene elimination. John and Purnell”! 


also) calculated the analogous equilibrium constant. for the 


case of SigHe 
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silylene formation predominates as was observed 


experimentally>’. 
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Other experimental data on the insertion 


reactions of :SiH, into Ho» reaction (-1)s suppont the 
occurrence of Mechanism A. 


Mechanism B, however, is favoured by Ring and 


39,88 


coworkers who ‘considered’ theekinetics of the radical 


mechanism and showed that the experimental activation 


energy is consistent with mechanism B; however, the 


15.2.7] 


experimentally observed A factor, 10 , cannot be 


reconciled with mechanism B unless the rate of SiH, “2 Sit, 


recombination reaction is unusually slow, having an A 


factor of approximately 10° Minoan Recent measurements of 


the rates of self-reactions of silyl radicals 73230 23/ 289 90 


indicate, however, that the A factor for the combination of 


silyl radicals is approximately He eg 


Themtypes of products® formed an pyrolysis 
experiments conducted in the presence of other reagents 
provides more direct and compelling evidence for the 
occurrence of radical mechanism B. Thus HD and D., were 


fForned Thneehe pyrolysis of STD, in the presence of ae 


ande the@products’ formed.in the presence’ of acetylene’? are 
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consistent with Sit, rather than :STH. DP cirs OLS. 
Similarly, in the co-pyrolysis of STH, and Si Dina. HD was 
formed in quantities comparable with those of H. and D,- 


It has also been Aram” 


that orbital symmetry 
correlations apparently favour single bond dissociation 
over molecular cleavage. 

It appears therefore that the thermal decomposi- 
josie en fale SiH) Can proceed by two initialssteps. .in _peral lel 
and in competition, one yielding ‘STH, a H, and the other, 

STH, [THaeeet. CNS epOl hiss SNOULdmDemEe cd Wed so ide 
Purnell and Vee noted that heterogeneous processes 
WLohtuparti Gi Daleyinythe deconpos LULL Ongand elt ellis. 1546S 0°, 
one would expect the radical processes to be the most 
affected. This aspect of the mechanism has been completely 
neglected in recent discussions and in the kinetic schemes 


of Ring et A See 


B. Unimolecular Reactions 

The understanding of most thermal decompositions 
is closely tied to the theory of *ummolecidar reactions, 
which will now be briefly outlined. 

A gas phase unimolecular reaction is the simplest 
kind of elementary reaction since it involves the 
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reactant molecule: 


and Risa =) Ke el Ae 


However, detailed studies of several unimolecular reactions 
have shown that the first order rate coefficient an is 
constant only at high pressures and declines at low 
pressures. 

The original theory of unimolecular reactions, 
developed by Lindemann? , was based on the following 
concepts. A fraction of the reactant molecules becomes 
energized in bimolecular collisions and eventually the 
energy content becomes greater than the critical 
quantity EG required for decomposition. The energized 
molecules can either be de-energized by further collisions 


Or undergo unimolecular reaction. The mechanism is 


expressed by the following reactions: 


* 
|: Vciuaiel Nia ald AP 2 Cy) 
* 
Det s > lee tag (20) 
* 
A > Produets (3) 


* 
where A is a substrate molecule sufficiently energized 


bhatt Cane react, and M is any batn motecule. . By 
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applying the steady state approximation to the concentration 


of ee the rate expression for the Lindemann scheme is 
fe ee Kan 

eit k,[A ] = KIMTK, LA] (4) 
Equation (4) ‘qualitatively predicts the decline or “fall-off 
in the first order rate constant at lower pressures; 
however, quantitative agreement between the experimental 
and calculated "fall-off" curves has been generally rather 
poor. 

In the simple Lindemann theory all the rate 
constants were taken to be energy independent. Hinshelwood>< 
proposed that kK, is energy dependent and included 
contributions from the vibrational degrees of freedom in 
Statisewveal caleutations on the probabwiity that the 
energy content of A is greater than EG: shortly after 
Hinshelwood's proposal, Rice and Ramsperger?® and, 
independently, Vasselie. Suggested that the original 
Lindemann mechanism of collisional energization and 
de-energization is probably correct but that the rate of 
conversion of an energized molecule to the product, 
reaction (3) eis \atfunction “of its Yenergy content. The 
main achievement of the RRK theory was the derivation of 
an expression for the energy dependence of k3- 


kaecels treated the reactant molecule as a 


system of loosely coupled oscillators having identical 
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frequencies, allowing a free flow of energy between the 


normal modes. Assuming that the rate constant k,(E) is. 


3 
related to the probability that the critical energy EO is 
concentrated in a certain part of the molecule (in one 


oscillator), he derived the soleGaanainta 


E-E S-] 
k,(E) se LA or aed (5) 


where ES VSeLNeacreticalrenergycebsasetheetotalmenergy of 
tneamorecule., s’ ts the number of osciUiators.. and vis 
identified with the experimental high pressure A-factor 2 

Reasonable agreement has been found between 
experimental and theoretical fall-off curves with the 
proper choice of the parameters; however, the fact that s, 
tneanumber of oscillators;; cannot be predicted by theory, 
makes this method somewhat empirical. It has been found, 
however, for a large number of reactions, that the 
required value of s is about half the total number of 
oscillators in the molecule. 

Marcus?” further refined the RRK treatment and 
the resulting RRKM method is the most widely used and 
successful model to date. The evaluation of the rate 
constants is based on the methods of quantum statistical 
mechanicseana transition state theory 1s Incorporated 


into cthescalculation. the following reaction scheme 1s 


used: 
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k 
* 
A a2 at + Products 


where A” is an energized molecule of energy content a > EO? 
but the energy distribution is unfavourable for reaction. 

at 1S) tne -Cransi ction, State complex. wire corresponds to 

the top of an energy barrier between the reactant and 

DY OUUG US: 

In the evaluation of the energy dependence of 
the rate constant K 3; the vibrational energy of the 
molecule is assumed to-undergo rapid statistical redistri- 
bution. The contributions from external and internal 
rovations are fess significant. 

The energy dependence of the rate constant k 3 is 


given by the following expression, 


—H- 


; : 
(BE) = 0 9, PPE) (6) 
Neate) 


k 


JS) 
=y 


where A is the degeneracy of the reaction path (i.e. the 
number of ways a certain reaction can occur), Q” is «the 
Boea tO upon d tine uimet) On, 5p (ET) is the total number 
of vibrational-rotational quantum states of at with energy 


* * 
ET=E =E,s and N(E ) is the density of quantum states of the 


* 
substrate at an energy E . The RRKM expression for the 
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Overall to Tirst onder rate constant. 1s 


Heri Qt (elas ae S 
my OO, Fe 1+k3(E )/k EMI 


The de-energization rate constant kK, is usually considered 
te be independent of energy content and can be approximated 
by the collision number. 

The RRKM model can in principle be applied to 
any unimolecular reaction taking place in a ground state 
molecule and its widespread use in pyrolytic, photolytic and 
chemically activated systems has been very successful for 
the elucidation of many elementary reactions. Moreover, 
the experimental fali-off regions of Kn cans bes correctly 


predicted on the basis of this model. 


comihesPresente 1nvest tigation 

Although the rate constant parameters for a 
variety of elementary reactions of organosilicon radicals 
are rapidly becoming available, the range of studies is 
still severely limited by the unavailability of suitable 
sources Of Sadist radicals’. 

Thermal decomposition of silicon compounds is 
one potential source of silicon radicals but surprisingly 


very few substrates have been investigated. Kinetic data 
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on the relative importance of molecular and radical 
processes are very sparse indeed and therefore the 
occurrence or non-occurrence of these processes cannot be 
elucidated on structural or thermochemical grounds. Thus 
some disilanes were found to pyrolyze via molecular 
elimination of silylenes and others predominantly via 
silyl radicals; the simplest member of the series, 
monosilane, appears to feature both radical and molecular 
modes of decomposition. 

We therefore decided to initiate a systematic 
study of the pyrolyses of a number of silicon compounds. 
Monomethylsilane was chosen for the first investigation 
Since it is a rather simple molecule and the kinetics of 
decomposition were expected to be relatively straight- 
forward. 

We were also cognizant of the possibility that 
monomethylsilane, like monosilane, may decompose via 
competing radical and molecular processes, and therefore 
decided to examine the reaction in the presence of a 
radical scavenger. Since ethylene scavenges silyl] 
radicals: very efficiently but 1s relatively unreactive 
towards salylenes, its effect can) be used to advantage in 
the elucidation of the radical and molecular processes 
Occur rincemminespmte. or tie Ntgn theymalestabidl1 ty of 


ethylene, its potential as a radical scavenger in the 
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thermal decomposition of silicon compounds had not yet 
been explored. 

At the time this work was initiated preliminary 
results of the pyrolysis of monomethylsilane were 


72) Their results are 


published by Ring wet al. 
qualitatively in agreement with ours, but do not allow 
mechanistic or kinetic interpretation. 

We also decided to investigate the pyrolysis of 
dimethylsilane in order to assess the possible effects of 


meneasing methyl substitution on thesilicon®atom on* the 


nature and rates of the elementary processes. 
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CHAPTER SII 
EXPERIMENTAL 


Re Nacuum Systems 
Two vacuum systems were utilized, the main one 
Tor pyrolysis and separation of prwoducts, and the auxjlrery 


one for purification and photolyses of the substrates. 


(1) The main apparatus was a conventional high 
VACUUM Static system (Fagunesllel je cconstructed. 0 fePyrex 
glass and evacuated to toe torr by means of a two-stage 
mercury diffusion pump, backed by a Welch Duo-Seal Model 
1405 oil rotary pump. Delmar mercury float valves, Hoke 
teflon-seated valves (numbers TY440 and 425106Y-316-SS) or 
glass stopcocks lubricated with high vacuum Apiezon N and L 
grease were used throughout. The valve leading to the 
reactor was a stainless steel high temperature Hoke valve 
(number 421 306Y-316-SS). In addition to a vacuum line for 
gas handling, the apparatus incorporated a pyrolytic furnace 
assembly and a gas chromatographic unit. Pressures were 
measured with a mercury manometer or a McLeod gauge. Gas 
transfers and distillations were monitored on a Pirani 
Vacuum Gauge (Consolidated Vacuum Corporation type GP-140) 
using Pirani tubes (type GP-001) as the sensing heads. A 


low pressure line was used to operate the mercury float 
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valves and Toepler pumps. The inner surface of the gas 
handling system was treated with trimethylchlorosilane 
before use, and every time after being exposed to air, in 
order to deactivate free -OH groups on various surfaces in 


the system which could cause decomposition of silanes °° 


(2) The auxiliary system (Figure II-2) was a 
conventional high vacuum assembly pumped by a two-stage 
mercury diffusion pump backed by a Cenco Hyvac 7 oil pump. 
The apparatus was kept grease-free by using Delmar mercury 
Float valves, Hoke 425106Y-316-SS valves, or teflon stop- 
cocks (Ace Glass Inc. number 8194) equipped with Viton-A "0" 
Finds. ihe: VacuuMn SyYStem cons 1s ted Or aed1Stim lations train, 
storage bulbs and a special line fitted with a Porapak Q 
column. The column could be purged by a stream of helium, 
evacuated and used for purification of substrate, as des- 
cribed in Section II-D-3. The auxiliary system was also 
used for mercury-photosensitized decomposition of substrates 
in order to prepare authentic samples of disilanes, as 
described yim Section Il-Es SA cylindrical quartz cell bo cm 
in length and 5 cm in diameter containing a small drop of 
mercury was attached to the vacuum system via a Hoke valve. 
A low pressure mercury resonance lamp (Hanovia #687A45) was 
used as the source of radiation. 

Before use, the vacuum system was treated with 


gaseous trimethylchlorosilane. 


7 - — - ave © a 
| | _ : ilies 


ta) Acnaaht ik Weqnides \eOtS weaeiel (ent sree BoA) 2309 


AN t 

op ant bag acetius tanh gat ~Pqmuy ~alqaat bas ioe i et 
std Peat i at ia ont a2 wrth bstiors cow moreye Yn | 

W? ae, OF HSeduan Prag rads. oni Yreve hee .0aD vain ¥ 
wi e804Tae <vol teva saudle. W- oe? ai evi Tonsh og bert —_ 
| RE canals n garjtenunessh wavs4 $i hes cs Pope eee YR ant, 


widow 15-2) Sywelt) adage Ava awn enty (s} : 
ye beantial EP ear es! mis ey napen fenottagvaos 
aig. lem Pay “40 8 yd Waa Geng qolass?*b eeovsm 


yr em pionttae Nee oad sev = rasp 7 yo cow 202 5760Q6 ant 


seglJe*uWs & 


«bit neryat 75 eaytal eo biesr aus ees gia. 29"iuy, Peart 


inter otra lity ari ey “tah Del ev dei ane 2ME reuess ont d { 
D deteiot 2 Ofia karl slh (Ar emeee ied edtwd 2 


mpfed.te most’ an eS Yona) me Wiad) sayioa ol? P 


cS $4 (4Par rites lot 4g tishiigan tp) wesu Gee woe 
gate aay mateye weal fide Snt° geofiel! nehodd we a> 


sath heh *4 Nols, paonmiial bis fii eerstogaty - yruats 107 
be (eonbitelh Vo Si yopeyoisneitup oragemy, BF vette ity. | 

wi OE ellos sisi Pea ivede tae A 4-11 Actiasd .,. 
od gone Midi +, pn) atesoos sane b a} 5 & tod 


aetiy “ry why mete, ae pc ve 


48. 


“SALPA TRO[T AInNoTow=" & 

*4909d03S sse|[b Kem-aauui- 2 “SHULA VO) UTLM oo 

UOLJSL- GD SDALPA BYOH- @ -sdeug-n fle BSC (NG “obee4 Sac c 
"9qn}y LUuedLd Sq ‘uatawouew Kunoduaw ‘hl =*adayudsowze 03 *9 
Thee SES |070Ud a Gees | bas SUOILL LS YQIM alnodwe BuLtidwes ‘y 
"aueLLs_AyZauwig pue auelLis,Ayrayy 

ZO UOLZEIIS LANG pue sisk[or10yg wos waqsAs wunndea AdeLLLxny 


¥313WONYW 
AMNDYIW 
1311NO i31NI 
wnit3H wni13H 
© AvdvuOd 
j HLIM 
5 @  SdWNd OL | NEMO? 
n n al] sas v A qwalds oA 
ea Y) aa 
4 ® © 
Se, 058 ed) 
OO © 
d 
SdWNd OL 
d i d 


“271 [moines 


egy ii : 
‘sia 7 


es iid s 


E 

7 7 

. : a dgstes tinol aie eed 0SIORP ate Dayd SEuaaly yAen) a) ata 
enhelrercipanea bem Ged befiGke. | 5 


Jaq (tacde oe -S7 yeahs PRs “ger 


Ife a haul 63 pie ) ules 
as x avdd lee 3 Wegoeunen cFu2Ien 7 Vieng a3 . 
anitat@ “if avid wente © EQ S57 su ol aa ai ae 7 
 deanaeds, t2p 4. iee-entdd= te ayy: D te. e a 
7 7 pavToy tout? (ca . | 
; _ 


49. 


B. Pyrolytic Furnace Assembly 

The pyrolytic assembly consisted of a quartz vessel 
Surrounded by an aluminium block furnace as depicted in 
Figure Wes * . The reactor was connected to tne vacuum 
line with a high temperature Hoke valve which in turn was 
fastened to the furnace block in order to minimize dead 
Space. 

The cylindrically-shaped furnace consisted of two 
halves connected by hinges allowing easy removal from the 
reaction vessel. The aluminium block was surrounded by a 
layer of glass wool and transite and, in order to minimize 
temperature fluctuation and heat loss, the entire unit was 
wrapped in aluminium foil and placed into a box made of 
asbestos board. The furnace was heated by means of eight 
300-watt pencil heaters arranged in parallel to ensure uniform 
heating. The pencil heaters were powered and regulated by 
an API 2-Mode proportional electronic controller. The junc- 
tion of an iron-constantan thermocouple from the controller 
was located in a small gap between the reaction vessel and 
the aluminium block in the middle of the furnace. The temp- 
erature of the furnace was maintained to within + 0.2°C and 
the gradient over the length of the reaction vessel was 
TeSoe et ateere Oo. C 

Two iron-constantan thermocouples were used to 


monitor the temperature in the reaction vessel. One was 
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positioned on the outside wall of the vessel and the other 
in the center of the cell by means of a special thermocouple 
well. The electromotive force was measured by a Wheelco 
Instruments potentiometer (Model 310-P), with the reference 
junctions of the thermocouples at 0°C. A small temperature 
drop in the cell (% 1.0 - 1.5°C) was observed immediately 
after a fresh reaction mixture was admitted. The temperature 
rose to the original preset value within 20-40 sec and 
thereatter remained’ constant (to within + 0.2°C). In short 
experiments, the reaction temperature was corrected for the 
invitial dropt 

Before use, the reaction vessel was treated with 
ae2°9omi xturesof concentrated hydrofluoric and Nitrive acids, 
then rinsed with distilled water, acetone and methanol and 
dried in a vacuum oven at 190°C. After the vessel was 
attached to the vacuum system and evacuated, it was treated 
with gaseous trimethylchlorosilane and then thoroughly 
evacuated to 10-° torr. 

Most of the experiments were carried out in a 
quartzscetitof volume’ 206.6 cc with = a-surface/ volume’ ratio 
Ofe@about 1.0 cm! The inner surface of the cell was coated 
by a polymer from previous experiments. For investigation 
Otm@surface etrects a®packed’*cell of 9 volume=15325° ce with 
surface/volume ratio of about 21 cm! was prepared by filling 


a quartz vessel with quartz tubings the ends of which were 


fire polished. 
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C. Analytical Methods 
1. Gas Chromatography 

The main analytical method employed was gas 
chromatography with detection by flame ionization or thermal 
CONdUCTIVITY. 

(i) The thermal conductivity gas chromatograph 

waS a component type and was coupled directly to the high 
vacuum system. The Gow-Mac TR-II-B detector was equipped 
with W2 filaments and operated at 63°C. The filament current 
was kept constant at 250 ma by means of a Gow-Mac 9999C power 
supply, and the results were read out on a Sargent recorder 
model RS. The carrier gas was helium; it was dried by 
passage through a column of molecular sieve at -196°C and 

its flow was regulated by a Hewlett-Packard flow controller 
(No. 5080-6710). 

The thermal conductivity g.c. was used mainly for 
analyses of the product gases noncondensable at solid nitrogen 
temperature (-210°C), namely hydrogen and methane. Hydrogen 
was determined by difference. The thermal conductivity g.c. 
was also used for separation and identification of condensable 
products. After passage through the column and detector, the 
separated components in the effluent could be condensed in a 
trapping train, from which they could be transferred directly 
to the high vacuum system and used for mass spectral analysis 
Oreprepasatvon- of Cals bration mixtures: 

The columns used and the operating conditions are 


Summarized in Table II-1. 
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(ii) The flame ionization chromatograph was a 
Hewlett-Packard model 5750 and was used for analysis of the 
reaction products condensable at liquid nitrogen temperature 
(-196°C). It was operated in a dual column-dual detector 
arrangement with temperature programming, as follows: 6 min 
post-injection interval at 60°C, temperature rise 20°C/min 
(6055) 165°C). 20 = 40 min upper limit interval vat 165°C. “ihe 
dual flame detectors were operated at 230°C with hydrogen 
and oxygen flow rates of 20 cc/min and 200 cc/min, respective- 
ly. Helium was the carrier gas; its flow rate was 25 cc/min 
and it was dried as described previously. Two identical 
6' x 1/4" stainless steel columns packed with Porapak Q 
(50-80 mesh) were used in a dual operation, one for product 
separation and the other as reference, in order to reduce 
a baseline drift during temperature programming due to 
column bleeding. The drift was further reduced by using 
teflon-coated minimum bleed septums (Unimetrics, catalog 
No. 2016) in the injection port. The sample was injected 
with a gas syringe and the results were displayed on a 
Minneapolis-Honeywell chart recorder model 15307856-01-05-0- 
000-790-07 009. 

Linearity of the detector response for the sub- 
strate was determined, and the relative response factors for 
the products (with respect to the substrate) were obtained by 
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reaction mixtures, the substrate could be used as internal 
standard, since its concentration was practically unchanged 
(within experimental error ) at conversions below 1%. When 
Silicon compounds were burned in the flame of the detector 
during analysis, a white powder of S10, was formed which 
deposited on both the jet and collector of the detector. 
The powder was periodically wiped off and the jet was 
cleaned by means of a fine wire. It was confirmed, by 
frequently repeated calibrations, that neither the white 
deposit nor the cleaning operations affected the relative 
response factors of the detector. 

The compounds which were analyzed by means of the 
flame ionization g.c. are listed below in the order of their 
retention times: ethylene, ethane, monomethylsilane, 
propylene, propane, dimethylsilane, trimethylsilane, 
methylethylsilane, dimethylethylsilane, 1,2-dimethyldisilane, 
Nol.2.,e-tetramethyldisilane. “Product identifications were 
accomplished by comparison of their g.c. retention times and 
mass spectra with those of authentic samples. Since authen- 
tic samples of methylethylsilane and dimethylethylsilane were 
not available, the identification of these compounds was based 
Oneanealysiseor their mass Spectra, listed. in 


Appendices I and II. 
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z. Mass Spectral Analysis 


Mass spectra were obtained on Associated Electro- 
nvcse'industrves ins eruments:, models —MSe2 and MSiizZe On both 
OT these WnSstrumentes.. 1t Was DOSS I1DIG@=to carry Out Gas 
chromatographic analysis with simultaneous mass spectrometry 
of each peak as it eluted from the column. 

Hydrogen isotope ratios were determined on 
Associated Electronics IndustriesModels MS 10 and MS 2 mass 


Spectrometers. 


D. Experimental Procedure 
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Before the experiment, the reaction vessel was 


: torr and its temperature was 


thoroughly evacuated to 10° 
preset to the desired value. Pure substrate from the 

storage tank was condensed in bulb A (see Figure II-1) by 
liquid nitrogen. Bulb A was then warmed to room temperature 
and the pressure of the substrate was measured with a mercury 
manometer. The volume of bulb A and that of the adjacent 
manifold leading to the manometer were calibrated. The 
manometer pressure was read by means of a cathetometer with 

a preciston verter than + 0°05" torr andthe Substrate was 
admitted to the reaction vessel by a momentary openingof the 
valve attached to the reactor. While the reaction was in 


progress, the remaining substrate in the manifold was trans- 


ferred’ toe bulb’ A.” The actual pressure in the reaction vessel 
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was calculated from the difference. Since the conversions 
were generally low, 0.1 - 0.5% (~ 1% maximum), any pressure 
changes in the reaction vessel were negligible and there 
was no special need for any pressure monitoring device in 
the reaction vessels , On the contrary. at. could. be, a source 
of an additional error by increasing dead space of the 
Geactor, 

In the experiments with mixtures of gases, the 
reactant pressures were individually measured and then the 
components condensed together in bulb A. With the valve to 
the manifold closed, the bulb was suddenly submerged into a 
hot water bath and allowed to stand for several hours to 


assure good mixing. 


Zeer ROCUC tenMany Sirs 

After pyrolysis, the reaction mixture was passed 
through two traps at -196°C and -210°C respectively. 
(i) The gases noncondensable at -210°C were 
pumped off with a one-stage mercury diffusion pump and a 
Toepler pump and measured in a gas burette. The pumps were 
operated continuously for about 30 minutes after the end of 
each experiment and during this period readings of the gas 
burette were taken in 6 minute intervals, in order to get 
some information about gas evolution from the polymer in the 
reaction vessel. From the gas burette, the noncondensab le 


gases were transferred quantitatively by means of a second 


‘anehevsvrox sia s9ni2 amas oar mor? 


| /onusestg 4ns. tuum kane RO) BeyDp = 1.0 wor aot Ss 
gyadd bans stdipi lesa, 134 fyazsv wirascet oat pyeress 
at agbvot poisot inom syweeette amt 1? eset tolaege ‘on 2oW _ 
, sotacc & ad bhuod 2° . wiser anogesnd av [saeae nopeses att 7 
git to So00e ssob gn iensramt ya vans (ano fsthbe. as to 
woI989T 
| 


: it eazeo 40 enue AO\F vi atnemisars sng ni a ” 


ed? "onde DSsucosom Bi PADS TY THAT S*s 757UTEOW tosjo6e7 


| oY Selbw ahi Weis \ dlod gto Yedtaport sbenebweo 22 hanegnaS 
A ofdi huprinndie yYinstays eoK jtva oA? jaz0T3 stottasm ody 
: : , 
Ss Sudo Tevevae 147 BHide Of 2enotle Dts AORe VEPES tod. 
univziom B6og ev0ges. 
—t 
: f 
2 2yet® oaer ahi bast 3 - 
; | Si Tv aw? , 212%! 08 : 
| peeked: 20". stutsin ‘net taisy adt , 124 TONY te ae 
_ 


witevidasn2as J°OTES= bog J? otle se. rqeut. Bez iguanas aT 
wyew TL OTS+ 1s aideceseyocten taney aut fe 
E fave qmig notevitth Yis*en Spets-9nd « aw Ve bagaug 


viqw Somig SMT ai ierud’ aap © ci iotuecon yee Qmey 


7 

; ad a 7 . 
Fo. be sat voli o essunta QE tuocde vat YireointInod BSPeT mo 
re er 


a © 


Shy a3 79 apalses" takieg wind pated bas Jnamtted: 
Peaee 4ab-vb. wi ,elavratai eaainém a et wo 492 
- _ 
wit it i haacnne mr ob saa suet 


Jo. 


Toepler pump into the evacuated sample loop of the thermal 
CONdUCTIVItTY g. Cc. ana tntroduced "to themcolumn for tanalysis. 
(ii) The reaction products condensable at -210°C were 
usually present only in minute quantities (< 0.02 u moles), 
very often too small to be measured in a gas burette. 
Measurable quantities of this fraction were obtained in the 
pyrolysis of monomethylsilane at high conversions (> 1%) and 
mass spectrometric analysis indicated the presence of 
monosilane. 

(711) °The"entire €ondensable*(-196°C) 2réaction 

mixture, CONnSTSting of Substrate and? products. Was Tirst 
measured in a gas burette and then quantitatively trans- 
ferred into a Pyrex ampoule fitted with a mercury covered 
Burrel Silicone rubber seal. The mixture was allowed to 
warm up and the internal pressure was raised to 760 torr by 
introducing helium with a gas syringe. The ampoule contents 
were mixed by pumping with the gas syringe and a suitably 
sized sample (5 - 100 ul) was then withdrawn for injection 
into the flame io0ontzation g.ch “described? in? seeti one il -C-1, 
The injection was usually repeated several times for the 
Same mixture to insure higher precision. Knowing the total 
amount of sample and relative response factors of the detec- 
tor for the major components, the composition of the mixture 
could be determined from the relative peak areas measured with 


a planimeter. 
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Ss, *substrate Purification 

Special methods of purifying monomethylsilane and 
dimethylsilane were developed. The auxiliary vacuum system 
shown in Figure II-2 was used for this procedure. 
(i) Monomethylsilane 

A major impurity in monomethylsilane (MMS) was 
dimethylsilane (DMS) which, although present in quantities 
less than 1%, was nevertheless one of the reaction products in 
the pyrolysis of MMS and therefore it was necessary to remove 
it from the substrate completely. A simple low temperature 
distillation did not give satisfactory results since the 
vapor pressures of MMS and DMS are quite similar. An 
excellent separation, however, was obtained by distilling the 
mixture through a Porapak Q column and collecting only the 
fers ca7raction. 

The purity of MMS from this fraction was checked 
by flame ionization g.c., which was capable of detecting 
impurity levels less than 0.001%, and no traces of DMS were 
found. A high efficiency of purification was the main 
advantage of the method since in a single operation, lasting 
less than 10 minutes, it was possible to obtain pure sub- 
strate in quantities sufficient for 10-30 experimental runs 
(about 20 moles). 
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9 mm i.d.) packed with Porapak Q (80-100 mesh). Before use, 
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TE¢WaSafirst-plirged by.a stream of dried helaum at: 190°C! for 
several hours, allowed to cool to room temperature, and then 
thoroughly evacuated to less then cie 

Methylsilane (previously distilled at -139°C and 
degassed at -160°C) was transferred into a U-trap adjacent 
to the column and its pressure maintained at about 600 torr 
by means of a low temperature bath of dimethylmalonate slush. 
The Porapak column was operated at 0°C. The impure MMS was 
admitted into the column and the fraction which passed through 
within 8 minutes was collected in the second U-trap at -196°C. 
After a purity check, this fraction was transferred into a 
storage bulb. The remaining impure MMS was then removed 
from the distillation line and helium was passed through the 
heated column in order to prepare it for the next purification 
Cycler 

Monomethylsilane-d., was also purified in the same 
manner. 
(ii) Dimethylsilane 

The major impurities in dimethylsilane (DMS) were 
monomethylsilane (MMS), trimethylsilane (TMS), and traces 
of propane. Since MMS and TMS were both reaction products 
of the pyrolysis of DMS, they must be removed from the 
substrate. Removal of MMS and propane was accomplished by a 
repeated degassing of DMS at -130°C (n-pentane slush). In 


order to remove TMS , DMS was first distilled at -115°C 
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(ethanol slush) and then passed through the Porapak Q column, 
as in the case of MMS. The column was operated at 25°C, 

the pressure of impure DMS was maintained at about 150 torr 
by means! om a chloroform slush (-6420), and the fraction of 


pure DMS eluted in 6 minutes was retained. 


Eee Mace tels 

Tne materials used, theirgsource, and their 
purification are listed in Table II-2. 

Authentic samples of 1,2-dimethyldisilane and 
1,1,2,2-tetramethyldisilane were prepared by the mercury 
photosensitized decomposition of monomethylsilane (MMS) 
and dimethylsilane (DMS), respectively, as described by Nay 


et ao. 


The photolysis cell in the auxiliary vacuum system 
(Section II-A) was filled with about 400 torr of substrate 
Silane and irradiated at room temperature for 2 hrs; the 
disilane product was separated from the substrate by a low 
temperature distillation at -130°C and -115°C for MMS and 
DMS, respectively, and purified by preparative g.c. by means 


of the thermal conductivity gas chromatograph. The columns 


and conditions used are listed in Table II-l. 


— Ota 


ethics dukes sat sien 8 a 
+ 4 ASESh¥e Betetsqo>eow ait, SeeT an Fo" 
‘)) tevmd 02T Yuods I6 boniernten dew BMD sxogn? Yo- 
rer ond Gad, (2°NBA) UES dive tar0 FHS a Fer oie 
banted od ‘Zaw Eotinta sd m saute eHd omiqs 


ae niseiot 3 


Lens oan anrgod vistidesdSau olelveatam =e — 


ry _ : 


Col? gider.ni, oasntt we noises tt iag : 
| bua Qual tefo(voian  S-5.,1> 99 astens? a taaeriaya, ne 
- YAvasor St) vd ooaqgenh, Seee aAt’ | zrhietomentad SiS fel 
| (oN) spells huttaneton Fo. pohhe2ngansab box titensapiong 

wav gd, bevtrazee 2: "ovtiaaqeas . 1 cRa) son (atygasmee bap a 
WOTEVE MU sGY p1el Js oe ane ji itso cteylatomg, ant Fy ay 
; adssiadu2 19. V0 DOF sub Hite poPl et gaw (alt no ey 
as) ed 4298 % 0) sys u7 aqme moe de id Mealy boo of a 


Wol & Yd SPW ade2 SAT mos? hofetanes anv paubayq 
ity 20 407 a®ei t+ toe J°6F*4 Se nedoal | (rath svat 7 
: 


Aer eget Se ae ee ae 6 | 
pea 40.0.0. e¢tsetagetg, eb bart l29n bab — 


- 
avnwlOs 41)  .A@e tp odemorifa, ang ‘Nery td suhees 7 
, mee: net Bi 
1-11 .stdat nl ee fiat ate ae 18 
= 


OZ. 


"€-G-I] uoLqoas 
UL paglLuosap sy 


*O=(-1] Uolztoes 
UL paqlLuodsap sy 


ESE ON bale yte is 
UL PaqLuosap sy 


“JoO9L- 22 PALLLFSLd 
"9096L- 228 passebag 


“JoOIOL- Fe PALLtFStq 
“J.98L- 22 passebag 


QUON 
JUON 
QUON 


Soo UO ls 
2e@ BAVLS Ue[NIa,[OW JO 


uwn [Od uBnouyd passed 


UOLZLILJ LUN 


Ae_nsuluad 


IWYOog 
pue dueus *yxouaW 


awyog 
pue dueus SyxouaYW 


aWwUuog 

pue dueys ‘*youaW 
wnaLtoOuzad sddtitugd 
uoSdYuzyeW 


Opul] 
cALyY “DE] UWeLpeuey 


apuly 
S20 Ol eae Dees 


Spuly 
SULy °“bL] ueltpeuey 


Jattddns 


pasy s_elLuazey 


Grrl 62 Lave 


aueLlLs_Ay,awig 
ep -auel ist Ayzawouoy 


aueLLS[AYUZOWOUOW 


gue, LSOUOW 


aua| Ay] 


aueUzyaW 
(GOAT RON whee .o6G) 


(ju0 10.24.03) MUS G01 54 


WNL L2H 


Sn ii i SS RS co IE I te AIR eR AMR A ET aa, en 


[eLuazeEW 


A nc ty A RI ETE TE I ELT AS ESI LIOR CT ECT CI OR 


rina too fever? begen4 
sa svelte varene yy +9 
a? Re Tt . 


¢ | nO 


ths | gnu 


ee 


a : “anol 
-_ 
—— sa°36l= ze beaespsu 
ns op aeOal="ae psi ligand 


Joe | - 25 geegrn 
20 O06f--278 ball ite c 


; Aft batfas2eu 2A 
> .£-6-91 alse 


nt, BBdTII<Sb | ZA 
E-O-Ti natiosé 


> gi bedivoceb zh 
_  _ ,€-G-11 notsose 


<9 OA oid no bhsees 
rE ct 


~pth prt vstiene 
shuts 


S748 Vpil ng toons? 
a aerial 


ngzaeter 

weal ays =4) HAT Ak 
bie avene. .Wa7a" 
Simei 


bis sit6ete pAagsh 
snel 


bas onad?- | So8eh 
anda 


verurnine”! 


63% 


"paq.9a|[ [09 

SPM 9,8G-95 7e BuLliog 
UO tae ee Ot Gy 1c 
UOLTELLLISIG LeuoLqoeV4 


Sle SeqeL 
Ul Se Ssuonarpuos 
£°9°H aALzyeuedaud 


“stl 2 1der 
UL S@®@ SUOLZLpPUOD 
2°9°H BALzeUuedaud 


")086- 28 patlLt3sia 
“JoZLL- 28 passebag 


UOLTPILS LUN 


°466°66 Aqtund ‘apeuy youeasay 


pazyeuoduooduy yYdd 


"J-I] uolzoas 
UL paqlLuosap se uol} 


-euedaud Auozeuogey 


"J-I] uorzoas 
UL paqlLuosap se uold 


-euedaud Auo yeuogey 


yUaWaUNDOUgG LeROLWaY) 


Adaitddns 


pasy s_eLua ew 


(p,24u09) Z2-[] 31aVvL 


e 


BURL LSOUOL YD AUQOW LAL 


SURLLSLpLAUQaWeuqya{-Z2° 2° 1 S| 


aUeLLSLpL Ay yawiq-Z* | 


auelL LS [AUuZoWLuy 


Le LuazeHW 


vet lemme 


er is bozesyad fremeruacs dso leeds 


"O90, sn betlbiele 3: _ 
; 3.0 HF D69eda"5 =f VatrSs30. YTese nh be [ 
5 Nl 26 Bic tks a af Beotysest Ve aps ; 
Loner =f, afdst j-fi- anki set 
Pig.d aviserty " -wyaas ug Voted bu oie _- 
nf 25 beh ni Bsett<seabh és nats _ 
‘of =Tk afeat ap Ul 40 '4S$e 
a noraat(ts2id. Tonp ior? hata spo won? Wis snbf (faecalis teniemray. 


aohigkad » ; Wor. ce" ts 
> eguen Aceat +) “Bai lese 
Lay2stio> 


——— —— anne 


: : | : : =o. ead a 
Det r6¢, 2 yotaen (abana Howeesh* 5 


CHAPTERMLT) 
PYROLYSIS OF MONOMETHY EST UANE 


AsneResults 

The pyrolysis of monomethylsilane was studied 
in a static system over the range of conditions 340 - 440°C 
and 40 - 400 torr initial substrate pressure. The 
investigation was focussedon the initial stages of the 
reaction (conversions below 1%) where secondary 
decompositions are minimal. The effects of time, 
reaction vessel surface, and addition of a free radical 
scavenger were investigated in order to determine the 
nature of the processes responsible for the observed 


products. 


ley inesrkeaction Products and [netr Distribution 
Tne following products were observed in the 
early stages of pyrolysis of monomethylsilane (MMS): 
hydrogen, 1,2-dimetnyldisilane (DMDS), dimethylsilane 
(DMS), monosilane, methane, and a dark brown polymer 
deposited on the inner surface of the reaction vessel. 
Hydrogen and DMDS were the major reaction 
products and DMS was a minor product; monosilane and 
methane were formed occasionally in trace amounts and 


often could not be detected at all (the detection limits 
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£On STH, and CH, were approximately 0.015 and 0.005 u moles, 
respectively). 

Polymer was another minor reaction product, and 
Since it could not be directly measured and analyzed, its 
formation created certain complications. Some of the 
problems associated with polymer formation are reported 
later; it should be pointed out here, nowever, that 
reproducible reaction rates were obtained only in a 
vessel which was well coated by a polymer from previous 
runs. 
(i) Gaseous Products 

Tne only significant reaction products formed 
in the initial stages of MMS decomposition (< 1% conver- 
sion) were nydrogen, DMDS and minor amounts of DMS. The 
Kata.0 H4/DMDS WaSsaporoximarely lI lows On 1 U.eand both 
products showed a linear dependence on time. The amount 
OT UMSetorned Was saDouc 52. of Chatsof tne majors products. 

At conversions above 1%, the product distribution 
was altered considerably. The rates of formation of He, 
and DMS were enhanced whereas that of DMDS declined; 
also, some monosilane could be detected among the 
réaction products. 

Product yields as a Tunction of time at. 422 0 
SnGs =I zeconn are listed in Table 1il=l2eand ii lustrated 


in Figure III-1. The experiments were performed in a 
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reaction vessel of volume 206.6 cc (surface/volume ratio 
1.0 cm™!) which was already coated by a polymer. 

Upon carrying out the pyrolysis to conversions 
of 10 - 20% or higher, the reaction system became quite 
complex and a large variety of new products were formed, 
not all of which were identified; however, DMS was one 
of the dominant condensable products and it was present 
in quantities higher than those of DMDS, indicative of 
the high thermal stability of DMS. An example of tne 
product yields at conversion of 20.5% is given in 
Table III-2. 

The investigation was therefore limited only to 
the initial stages of pyrolysis of MMS, i.e. to Such 
conversion where secondary decomposition of the primary 
products was negligible. Most experiments were carried 
out to 0.1 - 0.5% conversions, and occasionally as high 
as 1% in order to obtain sufficient amounts of reaction 
products for analyses. 

(ii) Polymer 

Preliminary experiments in a new reaction vessel 
revealed that the reaction rates were botn high and 
erratic and that only after carrying out several 
runs to high conversions, after which tne inner surface 
of the vessel became coated by a polymer, did the rates 


become lower and quite reproducible. 
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The chemical composition of the polymer was not 


analyzed. Although a mass balance between gaseous products 


and monomethylsilane reacted was attempted, no definite 
conclusions could be reached since most experiments were 
carried out at very low conversions where the yield of 
polymer is extremely small and well within experimental 
errorvof the -amountvof MMS reacted: 

The polymer was found to be thermally unstable, 
Since a slow evolution of gases from the coated vessel 
could be observed upon heating, nevertheless it could not 
be completely removed from the cell even by a prolonged 
heating in a vacuum. The rate of degassing, however, was 
extremely slow when the experiments were carried out to 
conversions below 1%, and the amount of products wnich 
could be collected from the decomposing polymer was not 
SUGETLC LENT ETON ‘analysts. 

At high conversions however a large quantity of 
the polymer accumulated in the reaction vessel and it 


was possible to follow the polymer decomposition for a 


long period of time (about 8 hrs) and to monitor its rate. 


bred typical Yexperinient . listed im abbe l]TIi-2y-eetorr 
MMS was ‘pyrolyzed for about 79 hrsvat 360°C (v 20.5% 
conversion). The reaction vessel was opened to the main 
vacuum line*for 30 min and then the rate of evolution of 


the light gases was measured. 
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The light gases evolved from the polymer 
consisted mainly of hydrogen and methane; some condensable 
products were also formed in trace quantities, and the 
C 


presence of lower hydrocarbons (C and all methylated 


oe 3) 
monosilanes was confirmed. 

The data obtained for the light gases are shown 
the table Til andonlctted in bigure whic et OMmawnicn = ist 
is seen that the rate of degassing was very steady even 
after several hours and therefore could be treated 
quantitatively. 

Since hydrogen was also one of the major 
reaction products of the pyrolysis of —MMS, Ttewas necessary 
to determine the relative importance of hydrogen formation 
from the thermolysis of the polymer. 

After prolonged heating and evacuation of the 
reaction vessel, the rate of gas evolution declined and 
then finally became unmeasurably slow or ceased completely. 
(The time needed to reach this stage could vary from 
several hours to a few days, depending on the temperature 
used and the amount of polymer deposited previously.) 

When such a vessel was used for pyrolysis of MMS at 
conversions below 1%, no significant degassing from tne 
vessel was observed, indicating that the polymer was only 


avery Minom product’ and 1ts decOmpositiGNewas mot 


important compared to the pyrolysis of MMS. 
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The Yield of Gases 2 
Decomposition at 360°C as a Function 


from Polymer 


of Time 
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To summarize, reproducible rates could be 
obtained in a seasoned reaction vessel provided the 
conversions were kept below 1%. In those cases where 
extensive decomposition of MMS nad occurred, or when a 
large number of experiments had been performed in short 
consecutive intervals and the polymer deposit was 
relatively heavy, a simple correction could be made to 
the observed Hy yields assuming that the rates of decom- 
position of the polymer and of the substrate are inde- 
pendent. The procedure is illustrated in Appendix III. 
Alternatively, the reaction vessel could be heated and 


evacuated until no gas evolution could be detected. 


Dis Reaction Order of Hydrogen Formation 


In order to obtain some insight into the 
kinetic features of the decomposition of monomethylsilane, 
experiments were carried out to determine the initial 
order of formation of hydrogen. The polymer coated 
vessel was heated at the reaction temperature and evacuated 
before eacn run for at least several hours, usually 
overnight, in order to minimize any possible contribution 
from decomposition of the polymer. 

The reaction order of hydrogen formation can be 


calculated using the relationship 


= k, [mms] 
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where R(H,) > ee [MMS], and n are the initial rate of 
nydrogen formateone, Specific Kate, conspant.—inid tal 
Substratetconcentrations + and order. respectively. The 
Slope of the logarithmic plot of rate vs substrate 
pressure yields the order of reaction. 

The reaction orders were determined over the 
temperature range 341 - 441°C and the results of the rate 
data, given in Tables III-4 to III-7 are presented in the 
ForniOt, 1Oq = tog plots in Figuresslid—< and li )-4. 

The orders, determined by least mean square 
analyses, are summarized in Table III-8 and are seen to 
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3 .npyouUrface -Eftects and Influence of tie Polyrerson 
Surface Activity 


The kinetics of gas phase thermal reactions are 
often complicated by contributions from heterogeneous 
reactions. Surface reactions are generally very complex 
phenomena, influenced by surface activity and difficult 
to control and reproduce, and their occurrence should be 
minimized in the studies of homogeneous reactions. Surface 
reactions are particularly prevalent in new, unused 
reaction vessels, and the walls of the vessel often 
require a special treatment in order to suppress surface 
effects; the most usual way is to pyrolyze the substrate 


repeatedly until the experimental results become 
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TABLE III-4 


Variation of the Hydrogen Yield with 
Monomethylsilane Pressure at Different Temperatures 


P(MMS), Time, H Yield, Conversion, 
torr min u mole % 
441°C 
EO 0.90 3.03 On 302 
Iie peas ol Cay, Geese! 
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Swims) 50 lee 0.416 
48.2 lz0 0.80 0; 357 
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TABLE III-5 


Variation of the Hydrogen Yield with 


Monomethylsilane Pressure at 421°C 5 


P( MMS) , Time, H, Yield, Conversion, 
torr min u mole % 
214-3 (Pole) Coro 0.229 
gee Cro ibeasy Ope! 
147.1 2.00 (adler) Uezle 
125.7 Shara 166 On) 
120.2 SiO 1.48 0.258 
10% B05 Teel Oo2o3 
81.4 4750 1.44 0-374 
69.2 4.50 ifs) 02353 
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310 9.00 Te05 07097, 


2 Cell volume 206.6 cc. 
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TABLE III-6 


Variation of the Hydrogen Yield with 
Monomethylsilane Pressure at 400°C 2 


P(MMS), Time, H Yields Conversion, 
torr min u mole % 
Pees 6.00 1.84 Geai7.6 
209.0 6.00 1:50 0.146 
202.9 10.00 2275 02276 
148.5 10.00 Too 0.253 
144.4 10.00 ee} 0.244 
1385.8 110 Teit9 0: 178 
lo. 6 The0G Tica 02.206 
93.9 10.00 1.09 0.236 
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Taf 15-00 lace UG 37 
62.9 14.30 1.0.3 0.388 
6129 13°00 0.84 0.276 
48.5 15.00 0.80 ORES 
42.3 20.00 0.87 0.418 
0957 24.00 0.80 0.483 
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TAB ES ie 


Variation of the Hydrogen Yield with 
Monomethylsilane Pressure at Different Temperatures : 


P( MMS), Time, H Veda Conversion, 
torr min u mole % 
shel e 
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92.6 148.0 8 O260 
62741 ZOO Mens’ Ohaealrs' 
A0ie5 20020 Oeso 0.402 
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TABLE I1I-8 


Reaction Order of Hydrogen Formation 
in the Pyrolysis of Monomethylsilane 
at Different Temperatures : 


Temperature Order 
aC 
44] 1509" +" 0 04 
429 We VeSh was Os 18) 
421 iO Omete Or.) 
400 eave 0R02 
38] 1.27 + 0-04 
36] be2gete02 08 
34] LPeouss ae Wee! 
a 


In unpacked reaction vessel of volume 
206.6 cc, S/V = 1.0 cm! 


cane Mn noe 7 a j oe 
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reproducible. However, even when the reaction vessel has 
been "seasoned" in this way and reproducibility attained, 
somerotathe yreaction tcantstil bebe <socourringgonethe walls. 
The influence of surfaces on the rate of the 
reaction is normally investigated in two ways: first, by 
varying the surface area to volume ratio (S/V) and 
secondly, by changing the nature of the surface. Both 


effects were investigated. 


GL) sEtfect of Variation of the Surface/Volume Ratio 

In order to examine the effect of the variation 
of the surface/volume ratio on the reaction rates, the 
pyrolysis of monomethylsilane was carried out at 415°C at 
various reaction times and initial pressures of the 
substrate in packed and unpacked reaction vessels having 


l and 1.0 cm?! , respectively. 


SU Nenatr0Sa0t 2 cm, 
The surface of botn vessels was coated by a 
polymer from previous runs and the vessels were heated 
at 415°C and evacuated in between experiments, usually 
overnight. (The vessels were initially "seasoned" by 
repeated pyrolysis of about 70 torr MMS at, 415°C tor 
10.0 min, until the experimental results become 
reproducible; about 5 to 10 runs were required to attain 


reproducibility. ihe required conversions of the seasoning 


experiments increased with increasing surface area of the 
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vessel.) The degassing from the reaction vessels, caused 
by decomposition of the polymer, was monitored before and 
after each run, and in those cases where evolution of 
gases were observed, a correction for the Ho yield was 
applied, cf. Appendix III. 

Firstly, time studies were carried out in the 
packed vessel at 415°C and at initial substrate pressures 
of about 51), 102 and 204 torr, to dnvestigate the nature 
of secondary processes at high conversions. The results, 
Tables III-9 and III-10, were found to be similar to those 
obtained in an unpacked vessel at 422°C Cunclan iee/ en ©. 1eye 
(as shown in Table III-1 and Figure III-1), confirming 
the linear dependence of Ho and DMDS formation on time in 
both vessels, at conversions below 1%. DMS was again a 
minor product. 

The product yields as a function of MMS pressure 
at 415°C in the packed and unpacked vessels are listed in 
Tables III-11 and III-12, respectively. The rates of 
formation of hydrogen, DMDS and DMS at 415°C and at 
Vari OUSeMMS pressures in two different vessels are 
compared sim Figureselll=5 fl lls6eandsill-7, respectively, 
USINGMLOogenrtunnive order plots. 

ine wesulbts imdicated that the pyrolysis ot = 
MMS might be partly heterogeneous, since the rates of 


formation of all the products in the packed vessel appeared 


fisauns setsaedv ndtaaber, 
bis sioted benodhnom ZoW « 
Yo nots foe wish 2ses 
sey -Wisbvocd ad? Tot nO PagrIn? ni bavyeade yee 


Lo) sthnaquk 2 eRerTEgE : 

wid i? Ju O60! Te ew eathuae sui) -taarte S109 7 

os arcadee betabat &6 ns a° 2?) a6 feaeey baiosg 
+ notseaVa? OF 9 1908 soc Ges 90? FO tananete: 
£ihureav Sai volivevies Wein. 8 sazasaovg qrshne7ee to 

set pehimie G4 cP haan) ayew|,0)-ITh ine e-pin zadat 
1°44% ge! Peaeay fet egnn me OF vantaddd. 

(rett swert bes WT! vfeat et nwode 28) 
nf. amis a6 notssmict OMe: fink a 7 Janseneqeh aesatl 9d : 
4 WPSOR RoW amt ¥f worad znd} 21sv 002 ts .gfeeeey ated 
—gyabor SORE” 

piuzeorg, MM) ia aie Tau) = ah ab Teh sgusotg oft” : vie 

at batet? 204 otek gov badge hpe Ystoee and iat a7arh 2. 7 

$6 25960 HT “yiwy phoney /2t-Ptt hee 01-21 ald a _ 

se hing 2027) a0 2N0 HAO TAONG erage Vo Wor TSMIRR CI 

ayk Btaaeay insn 337th! alee Wh eovweeora 26H ved iv 

potebPasagdar © 60100 ban! Oo0TT GReRUT eoran 1 ah Rava 


efiycewy 


ecnted ait 


42giF? 
waal Sal has 


omaha. 


\ . Vea : as * sapgietiy : ete 
nr aor ee 
itrvaq et) 


oe! 2 ae 


‘va . 


TABLE ITI-9 


Ine Products of MeSiH, PYFOLYS tS eas sa Frunctulomn 


of Reaction Time at 4)fe € 


Time, Yields, moles 
min H. DMDS DMS 
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a Pressure of MMS 101 - 
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TABLE III-10 


Ther Rraduces eo F MeSiH., Pyrolysis as a Function 
of Reaction Time at 41520 4 


eres Hie Ucseaeno le Conversions> 
min Ho DMDS DMS STH) i 
202 a5 205 torn 
ON) ie) Ome es 4 006 C 0.24 
3200 CaO celle Ue: | 4 re Ons 0.34 
4.00 me oO. de Omi 0.40 
5.00 te Se mn. coe) Ueue 0.59 
6.00 AV42- 4532 (0528 0206 On 
7250 Orgs.) oN 0244" 20508 0.88 
8.00 GeuliOme 5-5 0mm. 402 0- 0i 0235 
TOE OO TO ORV 7 o5 6.60.9 Oe ~UaUe 1.41 
50) 0m=9 5 Ome Olas 
eee OS OUee Oe oeemO 0) C Ong 
8.00 Wes0S> 1097-9 0e05 Cc 0.60 
T0200 edie let. SOO Cc Oe dis) 
e350 TO Om lec OO le C 0.91 
tS 200 Bes A oe CASA 18) ee leas ie leek 
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TABLE III-11 


Product Yields as a Function of Pressure of 
MeSiH, at 415°C ina Packed Vessel ° 


3 
P(MeSiH,), Time, Yields, pu moles 

torr min H, DMDS DMS 
oe ss 2200 5.00 4.68 arz3 
SOS no 2.00 3.64 3.165 Ora V5'S 
Sos L250 Sid iA She lrs Dia dees) 
30226 27250 SU Seats 0.100 
(alte 8: ra cAbKO Case ana | 0.100 
269.4 2250 1.86 1.84 0.036 
205.4 4.00 2.91 Sal3 Le Oe roo 
20S a7 6.00 4.42 ae 0.28 
ZO Sas je Sl) US7G 1.74 0.081 
206.4 Las 26 ee0 OOS 
154.1 Za50 [al ed Tek 0.054 
Leora, S00 1s 0.94 G2 055 
Mopar 6.00 6 a58 Oe re 
7620 Fae 0) rol 0.40 0.020 
ail bell Logs iO O35 0.29 OMERC La 
50.4 8.00 hee TE204 OF050 
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PAB EEL Tam 


Product Yields: as a Function of Pressure.of 


MeSiH., Ee Unley ae in the Unpacked Vessel S 


P(MeSiH,) Time. Yields, iemoles 
Cor. min Ho Hilts He 
468.1 ZOU 7.43 4.80 0.44 
460.8 10R00 a Ohta) fecha tis) D7 bS 
400.7 2.00 36.0 Seu Ow 
404.8 2.00 3.46 Ze0 O=.074 
407.8 2.00 3.03 eT 0.060 
241.5 IEAS0 1.98 eoo 02052 
224.9 Ze 4.15 S43 0230 
201455 ZO ea6r3 b b 
154.8 2750 | O95 OR0zZ3 
13885 255510 tee les) 0.278 Of 022 
144.2 h2200 4.93 Ae 3 0.090 
Tog A NGENE 0.80 0.66 O00 

62.4 2500 0.40 0.46 020133 
49.3 vehi ORES Z 0.42 0.004 
48.9 3.00 b On36 0.004 
45.4 3200 0236 0793) 0.004 
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to be generally faster than those in the unpacked vessel; 
tre minor product, OMS, was affected the most by a change 
iy tive: Of \ Va co. 

The results, however, are not very conclusive in 
View <0 tne lai.ge scatter @'of the datae mil gureso) fi mo 
III- 7 show that some results in the packed vessel were 
low and essentially not different from those in the 
unpacked vessel, while on the other hand, some experiments 
in the unpacked vessel were unusually fast. 

Even though the observed scatter was partly due 
to experimental errors, it was nevertheless possible to 
establish a certain correlation between the large 
deviation from the "expected" rates and the mode of 
treatment of the reaction vessel before the experiment: 
when the polymer was freshly deposited on the surface of 
the vessel, the reaction rates tended to decrease and the 
effect of S/V “ratio “on the reaction rate “became less 
apparent; prolonged heating and evacuation of the 
reaction vessels, on the other hand, caused an increase 
Tietve  meactlon rates. Ihe €fTect co; tne Mature OF tne 
SUrrdce on tune reaction rates 1S examined in the next 
section in more detail. 
tit) Efrect or tne Nature of the surtace 

(he amsensitivity Of a reacuron rate =o eume 


surface/volume ratio does not necessarily imply a 
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complete absence of surface reactions, since a heterogeneous 
reaction could escape detection if a radical-chain 
mechanism which is both surface-initiated and surface- 
terminated were involved>’. A change in the nature of the 
Surface, however, could indicate the presence of such 
radical-chain processes since as a rule the nature of the 
walls affects the rates of wall-initiation and wall- 
termination of the chain differenti 

A very limited choice of reaction vessel surfaces 
was available for this investigation, mainly because 
polymer deposition on the surface of the vessel occurred 
with every run, and after several experiments, regardless 
of the initial treatment, the surfaces eventually became 
Vdencical. 

The effects of changing the nature of the 
Surface were studied in two ways: (a) starting with a new 
cell, the effect of gradually increasing polymer deposition 
on the reaction rate was investigated and (b) the thermal 
Stability of the polymer was examined since it was not 
known to what extent polymer decomposition affected the. 
nature of the surface. 

(a) The investigation of the effect of increased 
polymer deposit was carried out in a packed quartz vessel 
évolumed]1S8e5acc; S/V-= 21 cian which was first washed 


and treated as described in Section II-B, and then a 
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silicon mirror was deposited by repeatedly pyrolyzing 
monosilane to completion (hydrogen and a silicon mirror 
were the only products observed when ~ 1090 torr SiH) was 
pyrolyzed at 490 C for about 48 hrs). “lhe vessel was 

then thoroughly evacuated to 10° torr and no degassing 
could be observed. The silicon mirror surface was chosen 
Since 1t Was assumed to be inert, both in the pyrolysis of 
monosilane>© and disilane?” 

In order to determine how the thermal decomposi- 
tion of MMS was affected by increasing polymer deposition 
in the cell, a repetitive series of experiments was carried 
out under identical yeaction conditions inethe sivicon- 
coated reaction vessel. 

They results «listed in Tablesiil-i3% are 
illustrated in Figure III-8, where the product yields are 
plotted vs the serial number of the run (i.e. the aggregate 
reaction time in the vessel) to show how the rates of 
formation of all the products are suppressed as the 
extent of polymer deposition increases. For comparison, 
product yields obtained in a "Seasoned" packed vessel 
under the same conditions, are included. 

From Table III-13 and Figure III-8 it can be 
seen that the yields of hydrogen, DMS and monosilane were 
affected the most by polymer deposition, and that of DMDS, 
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DABIEE = helenae 


Effect of Polymer Deposition on the Product Yields in 


Successive Pyrolyses of MeSiH, Be OU (oes 

Experiment P(MeSiH,) » Yields, 1 moles 
Number torr H. DMDS DMS STH, 
] 60.3 9.90 3.69 3230 1.66 
2 67 4 5282 Se 2206 0.85 
DP ees aod ee s0r 2088) C 
5 66.4 Cc Zaoe 0.50 C 
6 656 Cnn 2 Ss 0.36 ea) 
7 69.0 Coe 2 ty) Oma O15 
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2 The reaction mixture from experiment number 3 was 
accidental ty lost. 

© Not determined. 

d 


"Seasoned" vessel. 


nt eb favion® ane ne 
"3780s tee Whee 


Iaiy. TS = ¥A@. oo 2Cal /smihaw fhos Fate OG .0T, (es 
Sgyatoan VO FR O9 | rth an 4 
_ a . a 
 sadinin doen; tae word ah netraaer 


10.0 
9.0 | 
8.0 
7.0 
6.0 


5.0 


Yield (umoles) 


4.0+ 


208 


2.0 


1.0 


Figure IITI-8. 
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It appears that some heterogeneous processes, 
and probably radical-chain reactions, are involved in the 
pyrolysis of MMS and that the polymer is able to 
deactivate the surface to a high extent. 

(b) With regard to the thermal stability of 
the polymer, it should be recalled ‘dt this point that it 
decomposed slowly when heated in vacuum, liberating light 
gases. This may indicate that the character of the polymer 
and consequently that of the surface may have been changed 
by prolonged heating. 

Indeed, it was observed that the rate of MMS 
pyrolysis obtained in a "Seasoned" vessel which had been 
continuously heated at the reaction temperature and 
evacuated for a period of several days (or even at 
shorter periods if the temperature was raised) was always 
faster than that in subsequent runs. 


Typical results are illustrated in Table [11-14- 


AY “etfect or Added Ethylene 

In order to determine the molecular or free 
Yadical nature of the primary steps in thei reaction ,the 
pyrolysis of monomethylsilane was carried out in the 
presence of ethylene. 

Ethylene is a molecule well known for its 


behaviour as a radical scavenger, and is thermally stable 
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at the temperatures used for the pyrolysis of MMS. Thus 
no hydrogen was detected when 466.5 torr of ethylene was 
neated at 415 C for 10) min, and only a negligible trace 
of methane (~ 0.03 u mole) was formed. She tiscuentacice 


of propylene and butene were detected but these did not 


a9n 


interfere analytically with the products from the pyrolysis 


of MMS. 

Before each run, the reaction vessel was heated 
at 500°C and evacuated for ~ 16 hrs; the effect of added 
ethylene on the rate of pyrolysis of MMS was investigated 
at 415 anideoO0 iG. at constant MMS pressures of about 
405 and 278 torr, respectively. The variation of the 
rates of formation of hydrogen and DMDS with pressure of 
added ethylene is shown in Table IJII-15, and the data at 
415°C are illustrated in Figure III-9. 

The results snow that addition of ethylene to 
theasystemgmnas a profound, effect on thesproduct ayields: 
the rates of formation of H and DMDS decrease very 
rapidly initially and then level off to constant values 
(above ca 5% added ethylene); DMS is completely 
suppressed. Some additional reaction products were 
formed, the most prominent of which was identified as 
methylethylsilane by its mass spectrum given in Appendix 
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TABLE ITI-15 


Effect of Added Ethylene on the Product Yields 


in the Pyrolysis of MeSiH . 


3 
Pressure, torr He Yields, uw mole 
MMS CoH, ape Ho DMDS DMS 
415°c ? 
409.8 : : 8.00 6.14 0.37 
405.0 2 7.29 6.08 0.31 
407.4 2.12 0.52 4.31 4.16 C 
A125." 3sa9 0.93 3.57 eae C 
409.0 4.09 0.99 4.58 d d 
410.0 7.96 1.90 3.82 2.05 C 
410.4 21.40 4.96 2.85 193 C 
404.6 40.36 9.07 2.53 1.84 C 
399.0 100.3 20.1 2.38 1.89 C 
407.0 102.1 20.0 2.45 1.91 C 
400.9 54.1 16.3 2.63(€) 1, 96(e) C 
360°C f 
274.6 68.9 20.0 1.36 1.01 C 
2752 MAG? 14.2 1.34 1.09 C 
280.7 30.9 9.9 1.36 1.08 C 


Cell volume 206.6 cc, (S/V = 1.0 em!) was evacuated at 
500°C for ~ 16 hrs before each run, except e 


41eS oe. ID. 

No DMS formed. 

Not measured. 

Cell freshly coated by polymer before experiment. 
Time, 100.0 min. 
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oT ~~ 405—torr MeSiH, et 41.56); 


O “Hos A -DMDS. from .a reactor heated 


and, evacuated at 500°C) for “al6 jours. 
Q “Hy » A -DHMDS from a reactor fresnly 


coated by polymer. 


O01. 


eo > 


= i a ow St ote 


GP ostoen) snetyyita 


bateh ant. nd 2nsigdtlybessh te. nie he All y 
eeeyioved Bes HT) colar Yo PY ee 
aE ER 5 oH teaM aed w To 7 


bahpad qodaean = oro? hee as 


ee oe Pa 


Figure III-9 also shows that the rates of 


formation of Ho and DMDS in the level-off region were not 


dependent on (the nature of the surface of the reaction 
vessel. It is seen that in the presence of a high 
concentration of CoH the rates in a vessel freshly 
coated with polymer were the same as those obtained in 


the vessel evacuated for ~ 16 hrs at 500°C. 


It was concluded that tne limiting hydrogen and 


DMDS yields formed at higher pressures of ethylene were 
of molecular origin, and that about 10% ethylene in the 
mixture was sufficient to eliminate contributions from 
radical reactions within the temperature range examined 
im tnis- study. 

Since the molecular reaction rates were not 
affected by the nature of the surface of the reaction 
vessel, it can be further concluded that the molecular 


process is not heterogeneous. 


5. Arrhenius Parameters for the Molecular Process 

The pyrolysis of MMS was carried out in the 
presence of about 10% ethylene in the range 340 to 440°C 
and 40 to 400 torr MMS. Conversions were kept below 1% 
and the vessel was evacuated overnight before each 
experiment. 


The results are presented in Table III-16. 
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(i) Order of Formation of Hydrogen and DMDS 

From the data in Table II1-16, the logarithms of 
the rates of H and DMDS formation were plotted against the 
logarithms of initial MMS pressure, and the corresponding 
order plots at different temperatures are shown in Figure 
lal a0e 

The reaction -orders, derived from the slopes of 
the order plots by least mean squares analyses, are listed 
ingiable lll-l/..” The Tormation of both products was found 
to be first order with respect to monomethylsilane at all 
temperatures; the sole exception was hydrogen at 340°C, 
and the observed deviation from unity was probably an 
experimental error since the value is based on two points 
Only: 


(17) Rate Constants and Arrhenius Parameters TormsHydrogen 
and DMDS Formation 


In the presence of 10% ethylene, the formation 


Ofeho anda OMDS was first order wien respect CO VMMS.stius 


Z 
ALH,] 
= Kt = ee 5 and 


Rate(DMDS) = Lore) Se yy asc se 


Rate(H,) 


where ATH, ], A[DMDS] are the product yields in concentra- 
PVOKMUMiGt Seta tS etne reacllolM tidgie, ae and K OMDS are the 


individual first-order rate constants, 2G ia werntain 
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TABLE el RR y 


Monomethylsilane-Ethylene System: Orders 
of Formation of Hydrogen and DMDS 


Temperature Order 

H, DMDS 
440 Te Oe 1.004 
420 1203 0.96 
415 1.00 0S 
400 100 Oag7 
380 O90 ies 
360 0.99 Oe 


340 Peco Graz 
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reaction temperature (with the prime indicating the 
presence of ethylene), and [MMS] is the substrate 
concentration. 

Since the conversions were well below 1%, it is 
reasonable to assume that the concentration of the sub- 


strate was unchanged, i.e. 


[MMS] = [MMS], ital 


ine calculated rate constants sie Komps are listed in 
Table III-16. 

The activation energies anc pre-exponential 
factors associated with H, and DMDS formation were 
calculated from the slopes and intercepts of the Arrhenius 
plots, using the logarithmic form of the Arrhenius 


equation, E 


fo a 
log k = log A = ara 


where k is the rate constant, A is the pre- 
exponential factor, Eo: the activatryonmenergyiaute, 
absolute temperature, and R the gas constant (1.987 cal/ 
deg mole). 

The Arrhenius plots for Ho and DMDS formation 
in the presence of ethylene are shown in Figure III-1] 
and the corresponding Arrhenius parameters obtained by 


least mean squares analyses are presented in Table III-18. 
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TABLE ITI-18 


Arrhenius Parameters for H and DMDS 
Formation in the Monomethylsilane-Ethylene System 


Piroauct log A cE. 
(cay kcal/mole 
Ho lis 02g Ona ee A Was 
DMDS F487 250212 Oats PE ce eis 
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aks Isotopic Labelling Experiments 
In order to establish whether the Si-H or C-H. 


bonds were involved in the production of hydrogen, 


isotopically labeled monomethyisilane-d GH SiD.) was 


3 ( 3 
pyrolyzed both in the presence and absence of 10% ethylene, 
and the isotopic composition of hydrogen was analyzed. 
The results are presented in Table III-19. 

It was found that about 97% of the hydrogen 
fraction was D.. Since the isotopic purity of mono- 


31 46,61 to be about 


methylsilane-d. used was reported 
97.0 + 0.5%, the results indicated that hydrogen was 


formed solely by splitting of Si-H bonds. 


Bom Diseuss ion: 

Ine theo ana tial stages (of “the pyrolysis=of 
monomethylsilane (MMS), hydrogen and 1,2-dimethyldisilane 
(DMDS) were formed as major products and dimethylsilane 
(DMS) as a minor product. When a free radical scavenger, 
ethylene, was added to the reaction system, the formation 


of H, and DMDS was partially suppressed and that of DMS 


2 
was totally suppressed. 

The results suggest that.at ieast two different 
processes leading to Ho and DMDS formation must participate 


Tiere Oly Siseor MMS. One. a wwadical sprocess is 
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molecular process, leads to the formation of nonscavengable 


H, and DMDS. 


2 
In aspitte Sof ethe apparent simolacity of ‘the 
overall reaction, the kinetics of the pyrolysis were found 
to be complex. The main complications arose from the 
occurrence of heterogeneous reactions, as indicated by 
the dependence of the reaction rates on the mode of 
treatment of the reaction vessel. Although a great deal 
of effort was expended in order to eliminate surface 
reactions, only partial success was achieved and therefore 
ths taspectwof ‘theepyrolysis will only be briefly 
discussed. In the presence of ethylene however, the 
rates were not surface dependent, and the resulting 


kinetic data on the molecular process can be treated 


quantitatively. 


1. The Primary Reaction Steps 
The hydrogen fraction from the pyrolysis of 
monomethylsilane-d, (CH,SiD,) consisted almost entirely 


Oe Table III-19. Thus C-H bond cleavage is not 


72 & 
important and can be neglected as a primary reaction step. 
Cleavage of the Si-C bond can also be 

eliminated as a primary step in the pyrolysis of MMS, 
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Known to be extremely rapid”! . (The formation of small 
amounts of methane, which were occassionally detected, 
can be explained by slow thermal decomposition of the 
polymer. ) 

The present experimental data do not agree with 
the results of Davidson et lee: who claimed analytical 


and kinetic evidence for the occurrence of Si-C cleavage, 


CH3STH, < CH 


+ SiH, 

The resuits of this =s tudysconcitusive lye show that 
in the= primary stepseof the pyrolysis of MMS./only the 
Silicon-hydrogen bonds are broken. MMS may decompose 
either by elimination of molecular Ho yielding methylsily- 
Wenesureaction, (1 )6e@ore by dissociation= otra’ singe 


Silicon-hydrogen bond forming an H atom and a 


methylsilyl radical, reaction (2). 


CH2SiH, > Chsii: 2 Ho Ge) 


CHASiH, > CHASTH, oe An (eZ) 


THeeresults indicate that both primary steps (1) -ands(2) 
occur and that these steps can be distinguished by 
adding ethylene to the system. 

Asooessible reaction mechanism for the pyrolysis 
of MMS will now be proposed in order to elucidate the 


effect of added ethylene. 
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2. Possible Reaction Mechanism 

From the experimental results and the literature 
data aval lable vonethe reactivity of silyl radicals and 
Silylenes, the reaction scheme shown in Table III-20 is 
proposed for the pyrolysis of MMS. 

The proposed mechanism is consistent with the 
Formation of theanajor reaction products. Hy and DMDS, 
under the various conditions employed. It does not, 
however, provide a satisfactory explanation for the 
formation of the minor product, DMS, since the species X 
in reaction (9) is unsnecified; reaction (9) will be 
discussed later in «more detail” (See Seetion I11.B.4.iv.). 

Reactions 1)), (3). and (4)ecormespond tom the 
molecular process and are assumed to be unaffected by 
the addition of ethylene. 

le is) suggested that athe radical process .is 
represented by reactions (2), (5)-(9) in the absence of 
ethylene, and by reactions (2), (10)-(12) in the presence 
of high concentrations of ethylene. 

In neat MMS pyrolysis, a free radical chain is 
operative and contributes to the yields of Ho and DMDS 
formed by the molecular process. According to the 
Sscnemes. this) radical chain ts initiated in primary step 
(2), propagated by reactions (5) and (6), and terminated 


by methylsilyl radicals either by self-combination, 
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yeaction (7), Or by diffusion to the walls, reaction (6). 

In the presence of ethylene, hydrogen atoms and 
methylsilyl radicals from the primary step (2) are 
Scavenged in reactions (10) and (11), where ethyl and 
B-methylethylsilyl radicals, respectively, are formed. 
Although these radicals may undergo further addition, 
abstraction, recombination or disproportionation reactions 
torformastable products, reaction (12)% i1t®is) assumed 
thatenoesianifireant»amounts ‘of H, or DMDS will be formed 
in these processes. 

Thus, if steps (5)-(9) could be effectively 
eliminated by high concentrations of ethylene, tne radical 
process will no longer contribute to the yields of H. and 
DMDS, and these products will then be formed solely by 
the molecular process. 

The effect of ethylene on the pyrolysis of MMS 


will now be discussed in detail. 


3. Effect of Added Ethylene on the Molecular and Radical 
Processes 


According to the reaction scheme in Table III-20, 


the yields H, and DMDS in the presence of ethylene wil] 


2 
correspond to the molecular process, if the following 


Conaitaicns are fulfilled: 
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(a)ethe moleculameprocess, i.e. reactions (1). (3) and 
(4), is unaffected by the addition of ethylene; and 
(b) reactions (5)-(9) are suppressed by ethylene, and 
the subsequent reactions of ethyl and @-methylethylsilyl 
nadicals, (12)5. do not form any additional Ho or DMDS. 
Each of these possibilities will now be 
discussed. 


(i) wMolectiVamepwocess a Reactions "(lo (3 )meande(4) 


(a) Reaction (1) 


The primary reaction step (1), 


CHAS5iH, = CHASTH: a Ho Ch) 


represents a unimolecular decomposition of the thermally 
activated substrate molecule, the rate constant of which 
is pressure dependent in the fall-off region (see 
Section 1-8). 

The experimentally measured first order rate 
cons tants for H, and DMDS formation in the presence of 
ethylene, listed in Table III-16, were determined in a 
broad pressure range of approximately 40 - 400 torr. They 
were, within experimental error, independent of total 
pressure and therefore represent the limiting high 


pressure values. 
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Moreover, an RRKM calculation of the fall-off 
Gunveaton ithe gratescons.tant of .reactiom (1) confirmed 
that the present investigation was carried out in the 
high pressure region». 

Thus it can be concluded that at pressures 
above 40 torr, the rate of reaction.(1) is unaffected by 
the addition of ethylene. 

(b) Reaction (3) 


Reaction (3), 


CHASTH: + CH2SiH, = (CH,SiH,) 5 (3) 


represents insertion of methylsilylene into the Si-H bond 
Gfithessubstrate. *slnsorderethatespingbesconserved imethe 
primary reaction step (1), MeSiH: must be produced in the 
singlet state which is very likely the ground electronic 
state by analogy with :SiHy” 

Although the rate of reaction (3) has not been 
reported, one can deduce from the following considerations 


that it must be very fast. The Arrhenius parameters for 


insertion of :STH, into STH); 


:STH, + STHy > ST pH 


are E, = 1.3 + 1.1 kcal/mol and log acm 's7') = 9.740.468 


and thevpreexponential factor for insertion of metnyisi ly- 


lene into monosila 
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CHASTH: + STH, = CH SiH. 


was Calculated to be log A(Hiys 29 Sei GR Te Thee fatter 
redeCuron 1S" aloomvery rapid and Tes activation encrcy 15 
TUREG1Y to’ be-very small. ? The rate of insertion of 
MeSiH: into MeSiH., reaction (3), should therefore be fast 
and feature a similar A-factor and tow pure 

In the presence of ethylene, addition of 


metnylsilylene across the double bond, reaction (3a), 


Ciigsst ise heG 


3 H > adduct (3a) 


2 4 


might be expected to occur in parallel and in competition 


pores ; however, the limiting yields of 


with reaction (3) 
DMDS were unaffected by increasing concentrations of Cony 
(see Table III-15), indicating that methylsilylene is 

not very reactive toward ethylene. 

Moreover, from the available information on the 
reactivity of various silylenes, it can be deduced that 
the rate of reaction (3a) should be very slow in 
comparison with reaction (3). For example, Attwell and 


59 ‘ ae 
Weyenberg reported that the relative reactivity of 


Me,Si: towards a series of substrates follows the trend 


benzene < ethylene << dimetuoxytetramethyldisilane < 


< 1,3-dienes, 
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and that ethylene cannot compete with 1,3-butadiene for 
Me,Si: . %denkins, Ring et a1.©9 have shown that for 
MeSiH: the rate of addition to 1,3-butadiene is comparable 
with the rate of insertion into Si-H bonds, and also 


reported*that for =the most reactive silylene, <S7H the 


93 
Yao On 1NSereroneintoesl-H bonds 1s) about noun cimes 
faster than the rate of addition to 1,3-butadiene. 

On the basis of these results it can be deduced 
that addition reaction (3a) cannot compete with insertion 
reaction (3), and therefore reaction (3) will not be 
affected by the addition of ca 10% of ethylene to the 
reaction system. 

(c) Reaction (4) 


Reaction (4), 


CHS anes 


3 w217 Polymer (4) 


is one of several reactions which might lead to the 
formation of polymer. Polymer was formed mainly in the 
later stages of the pyrolysis of MMS; in the initial 
Stages, however, (at conversions below 1%) it was only a 
very minor product. 

The rate of reaction (4) will depend on the 
concentration of MeSiH: which can be estimated from the 
Poldowinagweonsvderations.  DUMDseis Tess Unermatly staple 


than the substrate, MMS, and the main mode of decomposition 
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Of MDS, 1S) Wa apie) iminadion. of methylsilylene’’, ive. 


reaction (-3), 


(CH,SiH,), > CHASiH: + CH2SiH4 (-3) 


the Arrhenius parameters of which can be estimated from 


Cael, 


recently published data to be log Reese) = 14.0 and 


E_3 = 50.0 kcal/mol . Together with the previously 


estimated Arrhenius parameters for redction (3), 


shes pice. Ss a Wea ie eae 


constant K_, at 400°C is: 


log A » the equilibriu 


K_3 _ [MeSiH: ][MMS] 12 


DMDS Ae PSSM icem ay 


Kone : 
Thus at ~ 0.2% conversion the equilibrium concentration of 
MeSiH: as very small, of the order of ~ pala M, and 
Simices the ‘rate off réaction (4) sstexpected to be ditfusion 
controlled, small quantities of ethylene should have no 
effect. 

huss itcanibe concluded iivatathertirates of shite 
mobecular reactions. (1), (3)- and (4)r.@rewunaffected by 


the addition of ethylene. We shall now turn our attention 


tospthel effect of ethylene on radical processes. 


(ii) Radical Reactions 
(a) Scavenging of H atoms 
Hydrogen atoms, formed in the primary reaction 


step (2) or by reaction (6) (see Table lll=20). can react 


IZ. 


m 


7 oul ‘ | 


: aie >, 


(B-) phtentos whey gare) 7 ary, Ae 
mov? bedentr2> od siba, Hobie Ve eves sme veg ke 
bnd: Debt = Tedpch vol ad Be. . Shab esvi2t (dag ylinsaety 
elevntvaxg. ova (Pr tndigagey . toned O08 = et : 
,; he) mOrIae Sa, {ot ayahand ex ean peismttes 
mira ops an! ad. Vogt tag et 2B %e “et Whaat 
par 2*Odh ee ul Jens 2003 


1a SM 


ae Ae ee CL 


ig vol feernganes tr et Lepe,-one ietiewveg? 28.0-v re zvitT 
wal ct) TUive . Po Jette adh Ra, tame Spee at Sie ; 
goleat7 fo Su O8 cafgatssd Or. U8) nelisemey to aden Of9 sonte 
on a¥iosk el aeoets fal wita Je eehbee nels | fame vet fortaea” 


5 > 
sg Ye. Saat ret hokey) saaae wd Kor oP aaa pe and | 


Ydotetoa hem! sees (t! bas Ghia seolioes% 9 
nohsvesay Hue Wend wae ‘PT ede) oe ,sedtyfte te 
eabesoorq +.otbaw persnet gaye Voom 


124. 


enitnem with ethessubstrate, reaction (5) - 


Hat CH2SiH, - Ho + CH4SiH, (oy) 
and propagate the chain or can be scavenged by added 
ethylene, reaction (10): 

A a °,* M C 
H*+ CoH, «(CyH,) > CoHe (10) 


Several values for the room temperature rate constant k 


fave becnmreporntedsece 1 ot) 0.5 "x TO; sence 100 


Ro TANS Ry Oo SMe so! 2 Hieose 10M ee ean 


So hex 10° Nowe 101 where the last two refer to the 


2 


analogous D + CH2SiH, System. Obi et al. [Tnave also 
estimated the activation energy ES C02 Dee 23 =) 3a7 
kcal/mol , assuming an A-factor in the range 
5x10? - 5x10'9 wo ls"! per si-H bond. 

Tne addition of H atoms to ethylene, (10), has 


been thoroughly investigated and the reported hign 


pressure rate constants at room temperature | 94>103 are 
in good agreement, yielding an average value of 
pee exe es = Ose Web 0M Keay mone a ace 


1-1 


eiacenn (Nes) = 10. dn ON 


Thus the room temperature rate constant ratio 


Ky o/ks is about 2, in good agreement with the experimentally 


101 


determined value of ky o/ ks Stared kA where ki Geers. -o 
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Arg = 1919-9 Maem and E, ~ 3.0 kcal/mol , then 


A= 10. ° Mo's7!, and-at 400°C kyo/ ks % 0.64 

Thus, within the temperature range used in this 
Wonk.«the rate,constants, for reactions .(5) and (10) are 
not very different, and ethylene therefore cannot compete 
very efficiently with MMS for H atoms. 

This relative inefficiency of ethylene in 
scavenging H atoms is further increased in the present 
study by the relatively low concentrations of CoH, used 
(see Table III-16). Thus, at 400°C and for a mixture 
containing ~ 10% ethylene, the relative rates Rig/Rs will 


be approximately 


Rig — kyo boty] [102 


Ree = Kk, THNST — = 0.64 90%1 = Oa, 
i.e. only ~ 7% of H atoms present in the system will be 
scavenged by ethylene and the remaining 93% will react 
with the substrate by (5) yielding Ho. 

This simple calculation however is not 
compatible with experimental observations. Figure I[II-9 
shows that in the presence of ~% 1% ethylene the rate of 


H, formation has already dropped to about 50% of its 


2 
Original value, and at 6% added CoH it was almost 70% 
lower; further increases in the ethylene concentration did 


not have any apparent effect. 
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Since this high efficiency of ethylene cannot be 
explained simply in terms of scavenging of H atoms, it 
MUSE (Oe bre tated ato a suppressionvof theerate om Hv atom 


formation in the chain propagation step (6): 


CHASTH, + CH.SiH, =~ (CH.SiH 


gS iH, 31H. gStHa)> +H (6) 


Efathetchatinelength 1s “large, then the majority of H atoms 
formed in the system will come from the chain propagation 
step (6) and the chain propagation reactions (5) and (6) 
will be the major source of H formed in the radical 
process site cothier ccontribution from the chain initiation 
step: (2) willl) bezonly, minom. “Ine other words ,.since the 


chain length, A , is defined as 


_ Rate(Propagation) 


He Rateulnutiation) 


thesindtvidual contributions from the imitiation and 


propagation steps Heysoaea and Hee respectively can be 


expressed as: 


r ree 

a Rad 2 
r Prop r 
2’Rad 


THUS 1) Owls very lange the relative contributions rom 
the initiation step will be very osmall. that. this as 
indeed the case is evident from the large decrease in 
Hy yields in the presence of small concentrations of 
ethylene; direct evidence for the presence of a long 


Chainewi liebespresented later (Section l1).B32vii)e 
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In the next section it will be shown that 
ethylene is a highly efficient scavenger of methylsily] 


radicals, and that even small concentrations of Coys 


Qvgre5<=. 102, *caneéffectivelyssuppresstreactiion (6) sand Ethus 


Prop 
PLANT M Gl « 


Furthermore, it will be showns (Section DP11IB 44. v) 


eliminate the contribution H 


thatetnevratevor theschatn initiation ereactionete) 1s 
very small in comparison with that of the molecular 
reaction (1), and therefore the Ho yields measured in the 
presence of ethylene can be assumed to be formed by the 
molectitlar process only ysise. “by*reaction (1); 

(b) Scavenging of Methylsilyl Radicals 

Methylsilyl radicals formed in the primary 
reactionestep: (2)sorsby reaction (5)eacan eithertreact 
with the substrate, reaction (6), or be scavenged by 


added ethylene, reaction (11): 


CHASTH, a5 CH4STH, = (CH,SiH,), 2a (6) 
CHASTH, hi CoHy > CHASTH, CHa (el) 


Neither reaction has been investigated kinetically. 

From the most recent data on bond dissociation 
energies in silicon compounds 1319517 however, One may 
97H) ~90 and D(MeSiH,-SiHoMe ) nV 
80 kcal/mol , and thus reaction (6) will be approximately 


estimate D(MeSiH 


10 kcal/mol endothermic. E¢ will probably be higher 
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than 10 ekcal/moles since 


E, = AH, + E_, % 10 + E_ 


-6 6 


where AH is the enthalphy change of the reaction, and E 6 
is the actitvationsenergy of the reverse yeaction. A 

value of Ee = 13 - 15 kcal/mol is quite plausible since 
in the analogous SiH, f STH) system, the activation 


energies for the forward and reverse reactions have been 


estimated to be » [eo and © 3 kcal/mo1¢ » respectively. 


The maximum value of the A factor for the SiH, as SiH) 


10 -] 39 


reaction has been estimated to be »v 10 Mee 


The rate of addition of methylsilyl radicals 


to ethylene, reaction (11), can also be estimated. Choo 


4 


and Gaspar 0 found thatethe rate of “addition of tri 


methylsilyl radicals to ethylene, 


Me 351 + CoH =3 Me,SiCoH, 


Tsemuch faster than that of simple alky| radical addition 


to ethylene. They measured the activation energy and A 


Paseo ecaly 


paecor gens ee sO Re kcal/mole and 1G M 


respectively, and reported that the rate of addition of 
SiH, 


Me,Si- radred Ee ESimplartly. seo lockw et hee found that 


tThetaddeniton ot dasi ly] radicals: tomethy lene is) several 


to ethylene was even more rapid than that of the 


orders of magnitude faster than that of corresponding 
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alkyl radicals. At room temperature the rate constants 


for addition of disilyl and trimethylsilyl! radicals to 


Vee De Ve 40 


ethylene are 4 x 10° m7 and 2 x10” iH 


respectively. 

fhe nate Ofeaddyti on sof methyils iy baradicals 
to ethylene, (11), is probably of the same order of 
magnitude as that of disilyl radicals and much faster 
Livatietilnat .0} Me 451 radicals, which may be considered as a 
lower limit for Ki y° Therefore, using the measured 
Arrhenius parameters for the Mess inet CoHy reaction, and 


the estimated values for reaction (6), Ee Coals eked limos 


Ae © 19/9 


Ray Re Be 0 


Melee (vide dstpra)t, it. follows that 
> at 400°C. 

Thus, in the presence of ca 10% ethylene, 
Ki /k¢ oes ax 10°, and therefore the chain cannot be 
sustained. Since the concentration of methylsily] 
radicals will be greatly reduced, the other DMDS-forming 
reactions in the radical process, i.e. termination 
feactroms (/) and (S)s. will also be suppressed. sine 


LotalesuppyYession ot Dis, Tormed Vv inc 


CHaSiH, + X > (CH3)5SiH, (9) 


is direct evidence for efficient scavenging of methylsilyl 


radicals. 
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When methylsilyl radicals react with ethylene, 


CHASTH, 12 CoH, > CH4SiH,(CoH,) Gn) 


B-methylethylsilyl radicals are formed. These undergo 
further reactions, the most important of which is 


abstraction of H atoms from the substrate 


Cee CHeSa He. 


CH SiH, (CoH, ) zt CHZSiH., > CHSiH, ( 0 5) 3 D 


: (12) 


to form methylethylsilane. Other possible reactions are 


addition to ethylene, recombination and disproportionation, 


CHSiH,(C4H,) “ CoH, > CHASiH, (CAH) 
CHSiH, (CH, ) tack > CHASiH,(C,H,R) 
Be CHASiH, (C,H) Tai 


These are minor processes, however, and the nature of 
the products could not be established. It is reasonable, 
however, to assume that none of these processes will 
lead to the formation of DMDS. 

Thus it can be concluded that in the presence 
of ethylene, the observed DMDS yields will correspond 


solely to the contribution from the molecular process. 


(iii) Arrhenius Parameters for H. and DMDS Formation 
in the Presence of Ethylene 


It has been shown that the DMDS yields formed 


inate oyrolysis of MMS in the presence of ethylene 
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arise exclusively from the molecular process, i.e. 


Yeactionsce | jmande( so): (1) 45 the rate=decermi ni nig ten. 
Since some decomposition of DMDS might have occurred even 


at low conversions, k (see Table III-16) should 


DMDS ,Molec. 
The Arrhenius parameters for H, formation in 

the presence of ethylene (Table III-18), are the same, 

within experimental error, as those for DMDS and would 

“i KDMDS ,Molec. : )9 

The errors in the rate constant parameters are 


therefore appear that SH, Molec. 
commensurate with the errors in the H/DMDS ratl0s, 

(Table III-16); which were consistently higher than 

unity (~ 1.27+0.10) and it would appear that the hydrogen 
yields in the presence of Cony may contain a very small 
contribution from the radical primary step (2). Therefore 
Ls 


Molec. — “1° 
The yadical contribution: tothe H yields in 


k 
Hy » 
the presence of ethylene are very small however and we 
conclude that the measured Arrhenius parameters for H 
and DMDS formation in the presence of CoH) relate solely 
to the rate constant Ky of the molecular primary step 


(1); these results will now be used to elucidate the 
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In the pyrolysis of neat MMS, the molecular and 
radical processes both contribute to the formation of Ho 
and DMDS. To a good approximation these processes may be 
considered to be independent of each other, and thus in the 


absence of ethylene the yields of H, and DMDS may be 


i 
expressed ase thersum of the individual contributions. trom 
the molecular and radical processes. 


The radical yields of H, and DMDS may thus be 


2 
calculated from the total yields given in Tables III-4 to 
File/and tables L1f-11 and I11-12 by subtracting the 
molecular yields obtained from the Arrhenius parameters 
EBovathne molecular process ,. listed in Tabie Tl 18. 

The results for hydrogen at different tempera- 
tunesearesisted in tables J)l-21, togitl-25; and the 
radical yields of alle products at 415%Ceinm the ‘unpacked 
and packed vessels are given in Tables II1I-26 and III-27, 
respectively. 


(7) ihe ReactiontOrders for the Products of the Radical 


Process 
Ihesreaction orden Tor prodwotsaformation by 
the=radical process was determined from the slope of 
conventional log (rate) versus log (substrate concentra- 


tion) pl@tsmby least-square analysis. | ihe orders. for Ho Ra 
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determined at different temperatures are given in Table III- 


28 and for H DMDS and, DMS=ate41t5 Co insthe packed 


2 Rad? Rad 
and unpacked reaction vessels in Table III-29. 
It is evident that the reaction order for Ho Rad 
is between 1.5 and 2.0 depending on the experimental 
CONnda LIONS. sw otmaly eadta for DMDSp,g and DMS are 
available for one temperature only and exhibit considerable 
scatter; at 415°C the orders both appear to be approximately 
Woes lar to ethateof Ho Rad: 
The reaction orders found for Ho Rad? eS = 2a 
are in the expected range for a radical chain process. 
Considering that the order for Headers is 1.0 (Table III- 


iJ) -and=thatethe order of H is slightly greater than 


Ce Oiad 

unity, Table IIJ-8, it would appear that a substantial 

DOFtIOnN. OT total Ho yield 1s > tormed=in thes radicalimchain. 
The sequence of radical reactions which are 


assumed to take place in the pyrolysis of MMS, 


CHESTH es CHaoihyeearn (2) 
He eeeCHe SoH sean au yeseeCh a cali) (5) 
CH,SiH, + CH,SiH, + (CHZSiH,), + H (6) 
2CH,SiH, > (CH3SiH,)» (7) 
CHSiH, + product (8) 
wall 
iH; = Cre Sul 9 
CHaSiH, + een 3) 2SiH, (9) 
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TABLE Til=23 
Reaction Orders for H ee in the Pynoalysis of 
MeSiH, at Different Temperatures : 


Temperature, °C Order 
44] ef 440 e138 
429 124720204 
421 50520 407 
~ 400 1.5920 307 
38] HeOon0 00 
361 Poort aY/ 
34] 1.88+0.04 
a 


In an unpacked reaction vessel of 
VO NUMemZUG OCC ys) Vaan U cm” | 


4 r.0say.f 


br O4athul | ow 


CO. debe ..! aoe 


HO 04 eo)1 re 


ry, Owat. | ee 
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ABLES LLL 29 


Reaction Orders for H » DMDS and 
2,Rad Rad 

OMS inetne PYrolysins: of MeSiH, at 415° 6 

Product : Order 
Packed Vessel Unpacked Vessel 

Ho Rad Te ee 06 Neoot O10 
DMDS pag 17.62;2.07,06 Meso tUrce 
DMS sed Ue 2 Weg Oso 


A nVotumenIS3e5 co, 'S*#V = 21% cm: 
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involves a free radical chain which is initiated 
unimolecularly by reaction (2) and propagated 

bimolecularly by reactions (5) and (6). The chain can be 
terminated either quadratically by reaction (7) or linearly 
on the walls of the reactor by reaction (8). 

It can be shown that the reaction order for the 
products of such a chain reaction will depend mainly on the 
CYPETORMTErMI nati omrofethe «chaine Mihus 9% f Metats cassumed 
that the products are formed predominantly by the chain 
propagation reactions (i.e. assuming a long chain length), 
then the usual steady-state approximations predict that 


the reaction order for H and DMDS p24 Willi bees) 2 Ff 


2,Rad 
Bhearchain is) terminated quadratically shy (7) sor (21h the 
chain termination is linear, (8). The experimental 
reaction orders for Ho Rad and DMDSp.4 however are between 
Wasijand 240 )rand atherefore nit would seemethat both 
quadratic and linear termination of the chain must 
participate in the reaction mechanisms. 


We will return to the chain termination reactions 


anter edisieussing athe chain (propagation ‘steps. 


(i7) Chain Propagation 
Thesparticipavion Of direc raaical chain 
mechanism in the pyrolysis of MMS has been already 


suggested by Ring et aie and confirmed by the present 
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NOKKOt CT | SOCELON elie bn 1) 2a). 


Propagation of a free radical chain by reactions 


such as (5) and (6) 


H + CH,SiH, = Ho + CH4SiH, (5) 
CHAStH, + CHASiH, - (CHSiH,), + H (6) 


cannot be facile owing to the high activation energy of 


reaction (6) and can be operative only at elevated 


temperature. Thus, in the mercury Gee, photosensitized 


3 
Z 3 
the corresponding silyl radicals were present but the 


decomposition of MeSiH., and Me5SiH both H atoms and 
product quantum yields indicated that no chains were 
operative at room temperature. In the case of dimethylsi- 
lane, the Hy quantum yields increased very rapidly above 

250 Cor Aindicating: the onset: of dechain reaceion-. s10n lamiy. 
radical chain reactions are claimed to be present in the 
pyrolysis of SiH, at ca 400°C ee but not at low 
temperatures 


The Values of the rate constants kK. and ke have 


beenmestimated tobe @Section J11.Bog.d 1)" 


Weer eater oeeranlle cloner er 


Piinntss! fea ro exp @isoo0/RT) 
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wot 39. 46n Sut. as, <t 3*00h. an Se Saadeh 
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on : 


The chain is propagated by H atoms and methylsilyl 
radicals the relative concentrations of which can be 


estimated from the rate constants kK, and Ke by 


Re ke CH [MMS] ke THY 


. glMeSTH5ITMMS] © ke [MeSiHs] 
By solving the kinetics of the radical process and applying 
the steady state approximations, it can be shown that if 


a long chain length is operative (i.e. and DMDS 


Ho Rad Rad 
are formed mainly by the chain propagation reactions), the 
rates of both propagation steps (5) and (6) are approxi- 
mately the same, i.e. Re/Re nol. | hence 

[MeSiH, ] ke 


—— y eT x 10° 
i | 6 


ate 40050 


Since the concentration of methylsilyl radicals is much 
higher than that of H atoms (cfv Section T11 8:4 .v)) the 
chain will be terminated almost exclusively by methylsily] 


radicals. 


(iii) Chain Termination 
The metathetical reaction(5)of hydrogen atoms 


eu Ber 


is highly efficient, ke = 10'7*°exp(-3,000/RT 
therefore under the experimental conditions employed in 


Pitemstucvawulleco to completion. « ints) leaves, the 
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CHSiH, radical as the chain terminating species via the 


bimolecular combination and disproportionation reactions, 


CHZS7H, - CHZSiH, = CHASTHSSTHA CHS (7) 


CHSiH, + CHSiH, =o bli] Sete, yeti Sail: (7a) 


ho 


Or the heterogeneous wall reaction 


CHSiH., “s products (8) 
wall 


The value of k>,/k, has been estimated to be 0.1 


aiteco ec 33 


but at elevated temperatures it may be higher 
and may also be pressure dependent in the 40-400 torr 
range. Both reactions (7) and (7a) will be represented by 
a quadratic term in the overall rate equation and reaction 
(8), by a linear term. 

No information is available on the nature of 
the products ore reaction (8)s)" Invanyacase sn since the 


chain Tength is large,*the products ofethis termination 


step are very minor and can be neglected. 


(iv) Formation of Dimethylsilane 

Dimethylsilane, a minor product of the pyrolysis 
of MMS, must be formed in the radical process since 
(a) it can be completely scavenged by ethylene (cf. 


ap hehe ea=tieos) . and 
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(b) there is an excellent correlation between the rates of 


Formation Ofewis and those of Ho Rad and DMDS 


DO USO fF Rate(H,)poq vs. Rate(DMS) and 


Rad° The 
Rate(DMDS),.4 vs. Rate(DMS), shown in Figure III-12 are 
linear and pass through the origin. 

since DMS is definitely not formed by the 
molecular process, its presence could serve as a criterion 
for the occurrence of radical reactions, and may also be 
used to estimate their importance. 

At present, however, the mechanism of DMS 
formation is not very clear. In the reaction scheme 
proposed, Table III-20, reaction (9) describes the 


formation of DMS 


CHZSiH, Ae Kee GH STH, (9) 


3)2 
but the exact nature of the species "X" cannot be defined 
since DMS might be formed in a partly or fully 
heterogeneous process. Although "X" is very likely the 
subStrate. other species such as DMDS, the methylsilyl 
radical, methylsilylene or even polymer must also be 


considered. 


If "X" is the substrate, reaction (9a) would 
form a silyl radical which would undergo further reactions, 


such as (9a-1) and (9a-2), forming monosilane and 
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methyldisilane: 


CH4SiH, + CHASiH, =e (CH) ,SiH, a5 SiH, (9a) 
STH. * CHASiH4 > STH) + CHASiH, (9a-1) 
> CH2Si4H, oat (9a-2) 


Monosilane, STH 5 was detected among the reaction products, 
and its yields were found to correlate to a certain degree 
with those of DMS (cf. Figure III-8 and Table III-1). 
Negligible traces of methyldisilane were also detected. 

If reaction (9a) is responsible for the formation 
of DMS, then methylsilyl radicals must be able to abstract 
a methyl group from the substrate. This type of 
metathetical reaction has been proposed by others. Thus, 
in early work on the pyrolysis of Me¢Si,; Davidson and 


Stephenson | 26 detected Me,Si and suggested that it was 


4 
formed by abstraction of a methyl group by a Messi radical, 


Me 3S] + Me ¢Si, > Me ,S1 + Me-Si, 


Frangopol and Ingold?9 , however, expressed skepticism 


about this type of reaction, and recently Davidson et ai.\? 
offered an alternative reaction for the formation of 


MegSi: 


° ° aU . ae, 
Me,SiSiMe. + Me ,Si tf MenSi: 
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Further work is obviously needed in order to 


elucidate theimodes of formation of DMS and SiH, in the 


4 
pyrolysis of MMS. At present, we feel that reactions 
(9a) and (9a-1) are the most probable sources of DMS and 
STH), and are of the opinion that reaction (9a) is 


probably heterogeneous, (cf. Chapter IV). 


(v) Rate Constants and Arrhenius Parameters for the 
Radical Process 


It has been shown that the nature and the 
kinetics of formation of the products formed in the 
pyrolysis of MMS can be rationalized by postulating 
radical and molecular processes which occur simultaneously 


and independently. The proposed reactions are: 


CH,SiH, > CH,SiH: + H, (1) 

CHSiH, > CHaSiH., + H’ (2) 
CH,SiH: + CH,SiH, > (CH,SiH,), (3)(-3) 
CHASiH: > polymer (4) 

Hey Se TOneS HS =o tig CHSiH, (5) 
CHaSiH, + CHASiH, > (CH{SiH,), + H” (6) 
2CH,SiH, » (CHSiH,), (7) 

CHSiH, + product (8) 
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SiH, + CHaSiH. > SiHy + CHSiH, Oats) 


The rate expressions derived from this mechanism 
using steady-state assumptions, however, are too complex 
to be solved analytically. The main complication arises 
fromthe presence of two chain terminating steps, (7) and 
Cle 

Were the radical chain terminated by only one 
process, 1.e€. quadratic or linear, the rate expressions 
would be more simple and amenable to kinetic interpretation. 
We shall now examine these two cases separately, bearing 
in mind that the actual situation may involve the 
Simultaneous occurrence of both steps. 

In ‘the case that the chain “s' terminated 
quadratically, the rate expressions are: 


kK, % quad => 
quadrums] + (kg (qe) } [MMs ]¢ 
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and for the case of linear termination, 


tn 2k, lin 2 
R(Ha) roe ay (k, +k.) [MMS] + {ke eae [MMS ] Cina) 
. Vey ee A 
e lin Z 

R(DMDS) 7544, = ky. /"EMMS] + {ky mo [MMS ] 

- R(polymer) (18) 

2k, lin 9 

ESS | ast i? [MMS] (19) 


(In the following discussion, the superscripts quad and lin 
will refer to the quadratic and linear termination 


mechanisms, respectively.) 


The rate expressions for hydrogen, (14) and (17), 
containy twopterms;—one of which, 1s  Tirst order andthe 
others -Ofehighercorder, both witherespectetorMMSeeita1s 
Significant that the coefficients of the first order terms 
are identical in both cases. The rate expressions for 
DMDS#ad 1S)mande (18) siare*veryesimilar tosthose for Ho» 
except they contain an additional term corresponding to 
polymer formation. (The rate constant Kk. does not appear 
inetheifirsteorder termaof eq (18) Sincenthesproductsnot 
the chain termination reaction (8) have been neglected; 
ia Lteisnassumeds thateefor e€achatwormethytsidyleradicals 
terminated on the wall, one DMDS molecule is formed, then 


the first order terms of (18) and (17) will be the same.) 
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The kinetic expressions for RCH)» (14) Sarcescii7 )5 
are mathematically the most simple and since the experimen- 
tal data on Ho (in Wables T1ll-21 to 1li-27)eaner extensive 
and accurate, a more detailed analysis of the kinetics of 
Ho formation will now be attempted. 


Rearranging (14) and (17) gives 


R(H k, % quad 


arene 


Sct RU ey Ie en 
~TMMS ] Tite? 6 ‘ky 
and 
RCH.) 2k tan 
Ziad: lin 2 
= ( kerk) + kesh [MMS] (21) 
~ [MMS] i 2 6 ke 


Equations (20) and (21) predict a linear 
relationship between R(H,)7,4.,/[MMS] and [MMS]? and [MMS], 
respectively, and identical intercepts yielding k, +k, 
directly. 

The data in Tables III-21 to III-26 were used 
for the kinetic plots, representative examples of which 
Ave mies Lid cede Ti 1 gu ress! l= 3k 
The predicted linear relationships (20) and (21) hold, and 
each limiting case appears to be a reasonable approximation. 

The first order rate coefricients corresponding 
to the intercepts of eqs (20) and (21) were determined by 
Teast mean Squares analyses, and tme results at different 


temperatures are listed in Table III-30; the values of 
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Pyrolysis of MeSiH 


Temperature, 


2s iQ) lee fel) 


oC k molec. b 
1 
a 
44] 4.20x10 
429 : 
55 
421 1 lle xo 
25 
415 BEET XIC 
a3 
400 2.95x10 
a) 
381 7.00x10 
SF) 
361 1-54x10 
341 Deere” 


TABLE III-30 


a 
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First-Order Rate Constants 
for Ho Formation as a Function of Temperature 


Rate ‘Constant. a 
lin d 
(kK, +k) 


(ky +k» 


4.26+0. 
1.6140. 


1.1140. 


6.24+] 


2.61+0. 
4.98+0. 


1.30+0. 
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In the presence of 10% ethylene (Table III-16). 
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mo | : ; 
kK, ec the first order rate constant for H, formation 


obtained in the presence of ethylene, are also included 


for comparison. 
Inspection of Table III-30 shows that the 


kinetically derived values of k +k, from either the 


linear or the quadratic termination. mechanism are in 


molec 


reasonably good agreement with Ky ; except for 


quad 
(k, +k.) 


negative value of (ki +k.) 


at the lowest temperature, 341°C; here the 


guag is probably due to experimen- 


tal error (only three points were available for the plot). 
The calculated coefficients represent limiting cases, with 
isn 


(atop and (k)+k,) being lower and higher limits, 


respectively. of the actual case, 1.6% Darke jt use E 


(k +k) oe ok yun It is Significant sthat these rate 


] ee 


coefficients are very close to Ce 


this implies that 
kK» must be relatively small. We shall return to this 
DOING Vater. 

ine logarithms Of thevrate "coel ticrenus kK, +k. 
in Table III-30 were then plotted versus 1/T, Figure III- 
14 , and the activation energies and A factors derived by 
least mean squares analyses of the slopes and intercepts 
are given in Table III-31. 

If it is assumed ethat the quadratic and linear 
termination steps participate to the same extent, the mean 


values of the Arrhenius parameters are 
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TABLE LI T=31 
Arrhenius Parameters for Hydrogen Formation in 


See 


the Pyrolysis of Monomethylsilane 


te Constants 


From experiments 
Table, Tihl-=138- 


log A el 


15.40+0.44 
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Ed's 
kcal/mol 
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log ee.) = 14.91 and £, = 63.06 kcal/mol 


which are in excellent agreement with those of the 
molecular process (cf. Table Pll-18). 

Mne@eraves cons. tant kK. must therefore be small 
compared to Ky > and might thus be neglected in the 
calculations involving (k, +k.) without introducing any 
Significant error. (This also implies that the chain 
Fengthemustabes considerably, kong (cies ee Ul ensue. ibeoel 4 
amded il. B 4 2yi1))e) = 


The Arrhenius parameters of the radical chain 


reaction for the two extreme cases of chain termination 


can now be calculated. Since kK >>kos only the higher order 


terms in (14) and (17) correspond to H. formation by the 


radical chain’ process. 


kK. + quad 
The rate coefficients tke (g=) } and 
2k, lin il 
{ke a , obtained from least squares analyses of the 


slopes ofr the Kinetic plots of equations 420), ands( 21) . 
respectively, are: listed in table Pil-=32 asa function of 
temperature. 

ifetheadata int table Lil- @2eavemnonicla2ede.co 
the same concentration units, then the rate constant 


ratios for the linearly and quadratically terminated 


chains are found to be of a comparable order of magnitude. 
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Apparent Rate-Constants for Ho Rad 
Temperature for Linear and Quadratic lerminacion . 
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The Arehendus..p10ts.o0fthe=datraxinetab lee rr tase 
are shown in Figure I11-15 3 the values of Ea and log A 
for the two limiting cases of chain termination were 
determined by least squares analyses and are given in 
Table III-33. 

In spite of the relatively. large errors 
associated with the calculated Arrhenius parameters, the 
overall activation energy for H formation by the radical 
process is nevertheless close to ~ 41 kcal/mol and the A 


-] 10 also! 


factor is probably between flue (M7 25 eared We ye 
From these rete it is now possible to decide 

whether the chain initiation step, reaction (2), is a 

homogeneous gas phase reaction, or whether it is a 


heterogeneously catalysed process. 


(vi) Chain Initiation Step: Homogeneous or Heterogeneous? 
It will be recalled that the rate of pyrolysis 
of MMS 1s strongly dependent on the nature of the Surface 
but not on the S/V ratio. it has also been shown that the 
heterogeneity of the decomposition is associated with the 
radical process which 1S characterizedabypa long radical 
chain. These observations indicate that both initiation 
and termination of the chain are at least partly hetero- 


geneous. 
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TABLE III-33 
Apparent Arrhenius Parameters for H 
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More compelling evidence for the heterogeneous 


nature of thei chain’ initiation reaction (2) 


CHAS1H., Ss CH3S7H, teat es) 


can be obtained from the observed and estimated Arrhenius 
parameters for this reaction. 

If (2) is a homogeneous gas phase reaction, then 
Eo Should be approximately equal to the bond dissociation 
energy D(MeSiH,-H) ~ 90 kcal/mol '*, since E_» will be 
close to zero. With regard to Ays Sone has estimated 


values of See ne | 


for this type of homogeneous gas 
phase decomposition. 

If, on the other hand, reaction (2) is a 
heterogeneous process, Eo is expected to be considerably 
lower than D(MeSiH,-H). 

The values of E. and A, can be estimated from the 


Arrhenius parameters for the radical process, Table III-33. 


Fimst. wt Lt 15 assumed chatecne cl ain 1s 
terminated quadratically, the rate constant for Hy 


formation by the radical process is 


k 
quad _ Been 
KRad Kgl) 
and therefore 
quad Wire & 
ie E, + 5(E» E,) ~ 41 kcal/mol (24) 
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(25) 
The Arrhenius parameters for reaction (6) 
MeSiH, + MeSit!, > (MeSiH,), + H (6) 


have been estimated (cf. Section III.B.3.b.ii1) to be 


Eg v 13 kcal/mol and log A, (Mises) ~ 10, and those for 
reaction (7), 
2 MeSiH, az (MeSiH,)» i) 


=) 


to be E, ~ 1 kcal/mol and log A,(M"'s ec O 8 (ore 


Section I11.B.4.v). Thus, Es4”®° is calculated to be 
~ 57 kcal/mol, which is considerably lower than 
D(MeSiH,-H) ~ 90 kcal/mol; similarly Ata i en 
which is seven orders of magnitude smaller than the 
preexpontial factor associated with a gas phase homogeneous 
decomposition. 

Now let us consider the second case, assuming 
that the free radical chain is terminated linearly: the 


rate constant is 


and thus 
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E Rad Ee + E. - ES ~ 41 kcal/mol (26) 


lin cl sk io 
and log Apag CMs Ss ) = Log Agtlog A,-log Agtlog ee 10 


(27) 
Although no information is available on reaction (8), 


MeSiH, > product (8) 
wal] 


it is very likely that the activation energy for such a 
process is very small, and thus ES may be neglected in 


eq.(26). Since Ee wo 13 kcal/mol. then seeevece keal/ mol 


Z 
ae cannot be estimated since Ag is unknown; however, for 
a rate of initiation comparable with a quadratic mechanism, 
lin 
Ao 
Eo ue angus a) 


Should be several orders of magnitude smaller than 


Thus the kinetic treatment of each case of chain 
termination leads to the same conclusion, namely, that the 
activation energy E. for the Chain imMnviiati on, reactioneds 
between 28 and 57 kcal/mol which is considerably lower 
than D(MeSiH,-H) ~ 90 kcal/mol, and the preexponential 


Z 
factor in each case is incompatible with that normally 
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associated with a homogeneous gas phase reaction. Therefore 


the chain initiation reaction (2) must be a heterogeneous 


process. 


Further and more detailed studies of the 


heterogeneous reactions involved in the pyrolysis of 
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MMS are necessary in order to elucidate the mechanism of 
the radical process and particularly the formation of the 


Nionoy products:. 


Vil. a, HeENnGthisof tne Radical Chain 
The length of the radical chain A can be 


estimated from 


R : 
Ags propagation 


termination 


where R can be approximated by Ry Pad provided 
veo 


propagation 
the chain is sufficiently long;oniy the quadratic termination 
rate will be considered since we have no data on the rate 
of linear termination. 
The steady state concentration of methylsilyl 

radicals is given by 

; k, % quad 5 

[MesiH, ]9429 = {(-4) } UA 

7 
2k, lin 


and [MeSiH,]''" = {,—} [MMS ] 
8 


Using the data in Table III-32 and since 


k. = 10/9 exp (-13000/RT) Me Vera one can calculate 


6 
[Mesit, }7444 ee 10°) > Mand [MeSiH3]''" EME hae vt 
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at 400°C and [MMS] = 5 x 10 ~ M. The average value of 


~ 3.x 107'* mM will be used in the following calculations. 
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(i) The Activation Energy 

The enthalpy change for reaction (1), AHS» is 
related to the activation energies (E,,E 4) of the 
forward and reverse reactions by 


AH Abst eiaRT > (EE, We earn teen ey ere 3) 


] ] 


where the term AnRT allows for the change in the number of 
moles, but it is approximately compensated for by the 
temperature correction which should be applied to E,- 
Unfortunately the activation energy Ey for 
insertion of methylsilylene into hydrogen, reaction (-1), 
has not been measured; it can be estimated however on the 


basis of the analogous reaction, 


LOnwhuctetne-arate constant nas been determined?®. 


eee Sak PSOne rs TeSie Ny Bae 


Lic wnt loess ume d (idte t= Sue OK cally amoleatiien 


] 


AH? = E,-E_, = 63-6 = 57 kcal/mol 


Alternatively, the enthalpy change AHS is 


related to the enthalpies of formation by 


(20) 


oh 0 ih 0 - 0 
AH, = AH, (MeSiH:) + AH (H.) AH (MeSiH.) 
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and AH2(MeSiH:), 53.1 kcal/mol ’/, 


Using the reported values of AH 
14,18 


AHS = 53+4 = 57 kcal/mol, 


witch’ 1S consistent with the above calculation. 


The enthalpies of formation used above 


may not be very accurate however,since Vanderwielen, Ring 


and ouNea te sain theirecalculation of AH 


kcal/mol, used AHe(MeSiH 3) = 1.0 kcal/mol, suggested by 


iP 
Potzinger and Lampe |! 


KMesin?) 22 53% 


for the bond additivity scheme. 


Using this value for AHe(MeSiH,), 


AHS = 53-1 = 52 kcal/mol 


which in turn implies that Ey Should be approximately 
11 kcal/mol, a considerably higher value than the one 
assumed before. 

Since the present thermochemical data are 
obviously inaccurate, the mean value 


AH? ~ 


1 (57452) 0=) 55> okedly mol 
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Wille be used im the following discussion. 

Reaction (1) involves splitting of two Si-H 
bonds in monomethylsilane and formation of a hydrogen 
molecule, and thus the enthalpy change AHS is related to 


the bond dissociation energies by 


(MeSiH.), sda kCaly Motec: 
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AHS = D(MeSiH,-H) + D(MeSiH-H) - D(H-H) (30) 


Themvatueeore 0 Hae 10400: bea limo ie heme hleestta bl Toned 


and D(MeSiH,-H) can be estimated from recently published 


data as follows. 


From electron impact studies, Potzinger et mile 


concluded that the first (Si-H) bond dissociation energies 


in STH); MeSiH,, Me,SiH, and Me,SiH are approximately the 
Same and equal to ~ 89+4 kcal/mol. These results are in 
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excellent agreement with those of Berkley et al. 
reported that the activation energies for H atom 
abstraction by methyl radicals from the Si-H bond in silane, 
mono-, di-, and trimethylsilane are the same but that for 
Sil, is © 1 kcal/mol lower. Walsh and Wells!” have 
investigated the gas phase reaction between iodine and 
trimethylsilane and measured D(Me.Si-H) =~90-0t256.kcal/mol- 
a similar value, D(Me.Si-H) = 88 kcal/mol, has been 
determined by Davidson and Howarde: from the pyrolysis 
of Me, Si... Thus an average value of D(MeSiH,-H) of 90+3 
eadymol can pesused WIth a hign) degree at "contitdence: 

Using eq (30) we can therefore calculate the 


second bond dissociation energy D(MeSiH-H): 


AH? = D(MeSiH,-H) + D(MeSiH-H) - D(H-H) (30) 
55 = 90 + D(MeSiH-H) - 104 


D(MeSiH-H) = 69 kcal/mol 
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Although the error might be as high as 6 kcal/mol (but 
probably less), this value nevertheless indicates a 
large drop from the first to the second BDE in 
monomethylsilane, of approximately 20 kcal/mol. 

This large decrease appears to be a general trend 
in silicon chemistry, and has not been observed for carbon 
compounds. Thus in the cases of STH, SiCT, Ve and 
Me ,Si oe differences of approximately 35, 55 and 65 
kcal/mol, respectively, have been calculated. 

Some specific stabilizing effect must therefore 
be present jn divalent silicon species, a qualitative 
explanation of which has been suggested by Walsh and 


Wells 2s 


(ii) The Preexponential Factor 

The preexponential factor of reaction (1), 
log Risen) = 14.95, may yield some information about the 
nature of the transition state. 

The most probable configuration of the transition 
state is a three-centered cyclic intermediate which may 


be visualized as follows: : 
CSch. = (H eee yi SH CSatse on 
yea ae 3 S, heen i: 
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A similar transition states has» been suggested by 


Purnell and Walsh 28 for the pyrolysis of SiH,, which is 
assumed to decompose molecularly, and the preexponential 
factor, 10g A(s~') =) |S) 8t0r-165) 1S) practical yatne..came 
as that obtained for the molecular process of MMS. Some 
problems, however, still persist with respect to the 
mechanism of pyrolysis of SiH, (cf. Section PaAS6 eis aide 
A three-centered cyclic transition state has 
also been suggested for the thermal decompositions of 


disilane and methyldisilanes 22°99>// 


silylenes 27 and for the reverse reaction, insertion of 


which produce 


Silylene into Si-H bonds oy 
It is interesting to note that the A factor 
for the molecular process in the pyrolysis of MMS, 


log his!) = 15.0, is of the same order of magnitude as 


those for pyrolyses of small ring compounds !9°, 


Transvtron, state thegny predicts. tie 
following relationship between the entropy of activation 


ast and the A factor for unimolecular reactions at high 


LOY, 
pressures ; 
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A, = tobe? 39! tre Preexponential factor of 


reaction (1) 


eS e22 7113 - Base of natural logarithms 
k = 1.358x107/® erg deg! - Boltzmann constant 
h = os626x108-! erg s - Planck constant 
Teo 70K - Mean reaction temperature 
R = 1.987 cal deg! mol! - gas constant 
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Since the activation entropy is rather large and positive, 
the transition state may be classified as "loose". 
The activation entropy, ast, is the difference 


between the molar entropy of the transition state, Si 


) , 
and that of the reactant, Sums > 5 ee = 
iP oy yO 0 


The molar entropies can be calculated directly 
from the known molecular parameters by the methods of 
statistical mechanics. The absolute value of San can 
be therefore determined "exactly", but the same is not 
possible for St since the required molecular data (e.g. 
structural parameters, fundamental vibrational frequencies, 
symmetry, etc.) are not available for the transition state. 
One may nevertheless estimate these transition state 
parameters and calculate the corresponding activation 


entropy inorder to verify the conrectness of the assumed 


model. 
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On the basis of the suggested configuration of 
the transition state, let us first examine which degrees 
of freedom will contribute the most to the activation 
entropy. 

From statistical mechanics, we know that the 
molar entropy S can be expressed in terms of the molar 


bart’ tion=funct10n-Q°as 


£ d1nQ 
Seeking tek (STnT) (38) 
q -E_/kT 
See tLYVahawn N N 0 
and ihe N! ‘rot Ivib Telec © (34) 


where k is the Boltzmann constant, N is Avogadro's number, 


EG is the zero point energy and Gears <lhoto) dyab oats 
are the molecular partition functions for translation, 
rotation, vibration and electronic excitation... ihe 
Standard molar entropy will therefore be the sum of the 
contributions from the different degrees of freedom, 
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Since both monomethylsilane and the transition 
State complex are expected to remain in their singlet 
ground electronic states, there will be no contribution 
from électronte excitation to ast. 

The translational contribution to ast will also 
be zero since no change in the molecular weight has taken 
place in the formation of the transition state: 

Uys Sa peeee ey ye (37) 
2 Mums 2 
External rotation of a nonlinear molecule will 


contribute to the entropy of activation by 


(Give el 
= Rin catatodt =KMS (38) 
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where T,Ipl. is the product of the principal moments of 
inertia and o is the total symmetry number. Since the 
mass of a hydrogen atom is extremely small, the moments 
of inertia of the transition state complex (Ty oTg sleds 
will not be very different from those of the reactant 
(I,51, To) ums > and thus rotation will not contribute 
Significantly to asi except if some change in the symmetry 
numbers aie Ouns Occurs. The CH3STH, molecule has one 
threefold symmetry axis and hence Oums = SF: Sti NCenac ads 


symmetry is destroyed when the transition state is formed, 
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From eq (38) we therefore obtain 


Oo 
ast, “ Slag = Rin 
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Finally, we will examine the contribution from 
the vibrational modes (including hindered rotation) to 
ast. From statistical mechanics the following expression 
can be derived for the vibrational entropy of a harmonic 


oscillator of frequency w (cm !): 


Sn hee ae) (39) 


where x = hcw/kT. To calculate the total vibrational 
entropy of the molecule, the contribution from each 
fundamental vibrational frequency must be considered, and 
the summation must be taken over all vibrational modes. 
To estimate the vibrational contribution ast. 
to the activation entropy, however, we may consider only 


those vibrational frequencies of the reactant which will 
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be most likely affected by formation of the transition state 

(i.e. the stretching and bending frequencies of the Si-H 

bonds, Woap) and leave the other frequencies unchanged. 
Since the transition State 1s) “loose. «wesexpect 


a lowering of these vibrational frequencies and estimate 
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“Sin,t © 3 &STH,MMS 
According to transition state theory, one vibrational mode 
in the activated complex corresponds to the "reaction 
cqoyainare “and must be omitted ine they calculation oF 

i 
MS Vib 


The data used for the calculation of ast 


“ware 
vib 


shown in Table III-34; the fundamental frequencies of 
CH2SiH, were taken from the literature |!9 : Benson!!! 
has tabulated the absolute entropies of a harmonic 
oscillator using eq (39), and these data have been used 
to estimate how the frequency shifts will contribute to 
CheeVv Tord wine ll entropy Of activation. 

From Table III-34 it is seen that the main 
eontribution tO the vibrational entropy of activaLion 
comes from the weakened bending modes of the Si-H bonds 
Of thewmtranS ition stave: 
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TABLE [11-35 
Contributions to the Entropy of Activation 
ast at 670°K @ 


; 
Modes asi 
e.u 
Translation 0 
Rotation unimportant 
b 
Symmetry eS Fe 
Electronic excitation 0 
Siibscieons See meee ice 
Total, calculated bleh | 
observed + Oeeo 
a 


Mean Reaction Temperature. 


Calculated from the symmetry numbers o in the 
rocattondl Partiti10On TUuncL ION andanday pe 
interpreted as the degeneracy of the 


reaction. pat. 


cree Table Tli=34. 


seen that the major factors responsible for the large 
increase in entropy are the changes in the symmetry 
numbers and vibrational frequencies. 

The calculated entropy of activation is in 
good agreement with the experimental value and therefore 
the suggested structure of the transition state appears 


to be a reasonable model. 
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CHAPTER IV 


PYROLYSIS OF DIMERHYESLLANE 


RoeRe SU tS 


APpretimimary study of ithe =pyrolysis -or 
dimethylsilane (DMS) has been carried out in the 
temperature and pressure ranges 440 - 500°C and 
41 - 395 torr respectively, using the same static system 
as described previously. The effects of reaction time, 


Surface and addition of ethylene have been investigated. 


lee rem heacel one roducts: 

The following products have been observed in 
the initial stages of the pyrolysis: hydrogen, 
1,1,2,2-tetramethyldisilane (TMDS), trimethylsilane (TMS), 
monomethylsilane (MMS), methane, and a solid polymeric 
deposit. 

Hydrogen and TMDS were the major reaction 
products, TMS and MMS were minor products; methane was 
formed only in traces, its yield being approximately 17 
Of those of the major products. Reproducible reaction 
rates were observed only in a vessel which was well 


coated by polymer from previous runs. 
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2. Time Study 

The variation of the yields of the gaseous 
products with time has been investigated at 490°C and at 
wel2o torre dimethylsa lane. Ihe meaction vessel (200-0 cc, 
S/V = 120 cm” !), coated by a polymer from previous runs, 
was heated at 510°C and evacuated overnight before each 
experiment in order to minimize thermal decomposition of 
the polymer. The rate of degassing from the coated vessel 
was monitored after each run for at least 30 min and 
found to be negligible. 

The results of the time study, listed in 
Table IV-1 and plotted in Figure IV-1, show that the 


yields of H TMDS, TMS and MMS were all linear functions 


ae 
of time at conversions below ~ 0.8%. Furthermore, a close 
correspondence between the yields of Ho and TMDS and 


between those of TMS and MMS was observed. 


See hiect Ode the Nature of) thnexoUrhace 

As in the thermal decomposition of MMS 
Cci-moectrom llivh.3). therrate ofe pyrolysis of “BMS 
was found to be dependent on the conditions of the 
reactor surface, particularly on the extent of polymer 


deposition. 
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Thus, it was observed that the rate of pyrolysis 
in a reaction vessel which had been heated and evacuated for 
several days (up to a week) was alWay Shit Ghee anterer Ons 
experiments performed in rapid succession, however, the 
reaction rates decreased to reasonably reproducible values. 

The effect of polymer deposition on the product 
yields is evident from the data in Table IV-2. The yields 
of TMS and MMS were profoundly influenced by the mode of 
pretreatment of the vessel, which suggests that these two 
products might be of heterogeneous origin. In contrast, 


those of Hy and TMDS were virtually unaffected. 


4. Determination of the Reaction Orders anduthe. Ef tect.of 
Ethylene on the Reaction Rates 
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DMS pressure (in the range 41 - 395 torr) have been measured 
between 440 and 500°C, and the results are listed in Tables 
IV-3 - IV-5; the conversions did not exceed 0.6% and were 
Generally in the range of 0.1 - 90.32. [he eftect. of sadded 
ethylene is also shown in these Tables where 1t is seen 
that the yields of Ho and TMDS are unaffected by the pre- 
sence of a radical scavenger but those of TMS and 
particularly MMS are greatly reduced. Some new products 


were formed, the most predominant of which was tentatively 


identified as dimethylethylsilane from its mass spectrum 
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(cf. Appendix II). Since ethylene begins to decompose 
around 500°C toe experiments performed in the presence of 
ethylene were carried out at lower temperatures (440 and 
460°C), and at relatively low concentrations of ethylene. 


The rate data for H, and TMDS from Tables 1V-3 


2 
to IV-5 in the presence and absence of ethylene are plotted 
in Figure ]V-2 in logarithmic form. The plots were linear 


at all temperatures and the orders of H, and TMDS formation, 


Z 
determined by standard least mean square analyses of the 
slopes, are listed in Table IV-6. 

The rate data for TMS and MMS formation in the 
absence of ethylene, Tables IV-3 to IV-5, are plotted 
logarithmically in Figures IV-3 and IV-4, and the orders, 


determined by standard least square analyses, and listed 


in Table IV-6, are approximately 2.0 


B. Discussion 
To conbar sone on thenPy rol yoise of UMS sande Mnss 
Simard vresmand Di fiemencess 
When comparing the overall thermal behavior of di- 
methylsilane (DMS)with that of monomethylsilane (MMS) one 
can) notice that some striking similanities are apparent. 
In both cases, hydrogen and substituted disilane (TMDS, 


DMDS) were the major products, and the minor products were 
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two silanes which differed by one methyl! group from the 
substrate molecules, i.e. Me SiH and MeSiH, from Me,SiH, 


and Me, SiH, and SiH) from MeSiH.. Methane was a negligible 
weaction product in both cases. which andicateda that. the 
splitting of the Si-C bond was not an important primary 
Step. 

In the pyrolyses of MMS and DMS, the reaction 
rates, particularly those of the minor products, were 
affected by the nature of the surface, especially by the 
extenieor polymer depositions wFundtl yen eDOUnecases se tne 
minor products were strongly affected by the addition of 
ethylene and this suggests that silyl radicals are present 
in the DMS system as well, and participate in the forma- 
tion of the minor products. It would appear therefore 
that the thermal decompositions of MMS and DMS proceed by 
similar reaction mechanisms. 


Some important differences in the pyrolysis of 


DMS however, shouid be noted: 


(i) Different Thermal Stability 

At 440°C, the rate of decomposition was slower 
by more than two orders of magnitude than jn the pyrolysis 
of MMS. Thus, assuming that the reaction mechanism is 
simiulan, to that of MMS, one or morelof the rate 


determining steps in the pyrolysis of DMS must have either 
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a higher activation energy or lower A-factor (or both) 


than the corresponding reactions in the pyrolysis of MMS. 


(ii) Effect of Added Ethylene 

Whereas CoH affected the rates of formation of 
alls the products formed in the pyrolysis of MMS (ct. 
Rigure hla oerSeandlable lll-15m) . 1tedoess not seem to 
have any significant effect on the rates of H. and TMDS 
formation in the pyrolysis of DMS (cf. Figure IV-2). 

Assuming that the reaction mechanisms for the 
pyrolyses of DMS and MMS are formally similar, these 
results ‘seem? to “indicate that: 
(a) in the pyrolysis of DMS the contribution of the radical 
process "to "the yields of the major products as less 
important than it ‘was’ in the case of MMS; i-:e.-;) the length 
of the radical chain by which these products might be 
formed must be much shorter. 
(b) at the highest ethylene concentrations used, 9%, some 
TMS and MMS are still formed whereas in the case of MMS, 
under the same conditions, the minor product DMS is 
completely suppressed. Assuming that TMS and MMS are 
mliisomformed by silyl radical precursors, ethylene must 
scavenge dimethylsilyl radicals much less efficiently 


than methylsilyl radicals. In fact, the rate of addition 
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of silyl radicals to ethylene has been reported to decrease 


with increasing methylation of the silicon atom 40 
The higher reaction temperatures used in the DMS 


pyrolysis may have also decreased the scavenging ability 


of ethylene. 


(iii) The Reaction Orders 

The reaction orders for the radical yields in 
the pyrolysis of MMS were between 1.5 and 2.0 and it was 
concluded that both linear and quadratic termination of 
the chain was occurring. In the case of DMS, however, the 
orders for théwapparent radical “products, IMS and MMS 4 
arewu 2.0*indicating that only.a linear chain termination 
may be operative. 

Since the orders of H. and TMDS in the pyrolysis 
of DMS were slightly higher than unity (see Table IV-6), 
some contribution from the radical process to the yields 
Gf awhese Major products has to be considered. in ispiteso, 
the fact that there was no apparent suppression of the 
yields in the presence of ethylene. The following 
reaction scheme can now be suggested for the pyrolysis 


of DMS. 


1983 


aMu aig nt 


she fete walussves et “oveaanaab Bele avad Con pete 
a 7 
7 
_ 7 
exebyt wot rocatndted MF) | 
oth fats \c0th- ata et eee eohinsev eet =e 


i) Uae 62 wae @.7 s@egad ange GNP te olauierpens : 
ro an sencienet a heebeup bys 1heett (slut 348d Pobefonee . 
“i .jevahlod CD to stos aeigt «oye Neues, bem lade-aee 


rp 
’ 
2A hAg ot (ed sukaew lesthes Seesboge ane 4a Letom re . 
ait an laren? @1n4 syerc!l gs alae Jedigetieoiant hes. ou 
<ev 2 aveee od: Yam ; 
: t 


hay tanys, ate Wf) (CT ont, ) Ve) ceeane wd! wanld ne 
0o-V. bast seal x Pm sha *eG@Qts wibagrit gua tna to - : 
abindy, aft, 62 Soca Teo teh) gee et) no Sed INd AOD AIOE 5 ; : 
Py aytoe ui ~baertabtaqys <a> def eteaneta slam seen ta) 
a0) 1a fal s daraee 1S 5gan ab Feu i al x 
patvaliny aT cnatdiaVe! papaaets att ARABIAN 


at = aa ae 


eke 


2. Reaction Scheme for the Pyrolysis of Dimethylsilane 


Molecular: 


Me,SiH > Me,Si: + H 


Dea? 2 2 
Me Si: + MeSiH, a (Me,SiH), (G03) (03) 
Me,Si: + polymer (04) 
wall 
Radical: 
Me,SiH, + Me,SiH + H (02) 
wall 
H + Me,SiH, + Hs + Me,SiH- (05) 
1st chain 
Me,SiH + Me,SiH, > (Me,SiH), aa (06) 
Me, SiH” + product (08) 
wall 
Me,SiH + Renee Garren eet = MeSiH, (09-1) 
° 2nd chain 
MeSiH. + Me.SiH, > MeSiH., + Me,SiH- (09=2) 


Z 2 2 3 2 


This reaction scheme is formally similar to that 
of MMS, except that only linear heterogeneous termination 
of the chain and two types of propagation chains are 
assumed to take place. The first is propagated by 
reactions (05) and (06) and leads to the formation of H. 
and TMDS, and the second chain, propagated by (09-1) and 
(09-2) is responsible for the formation of the minor 


products, TMS and MMS. Although there is some evidence 
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that the metathetical reaction step, 


Me, SiH" + MeoSiH, + Me,SiH + MeSiH, (09-1) 


is heterogeneous, further studies would be required to 


define the nature of this reaction. 


3. Determination of the Rate Constants for the Molecular 
and Radical Processes in the Pyrolysis of DMS 


Steady-state treatment of the reaction 


sequence (01)-(09) yields the following rate expressions: 


(k [DMS] + k 


0172) 


2k 
Ge [pms]? (10) 


2k 
PCTMOS) =k (ONS | ek. 6 oe“ "T DNS Ione RC PaTymeni Cll) 
2k 


: mn Oe 
BLS OSA ent (BOM ia (12) 
any ; 
eS 09 st kena [OMS (13) 


Formally, these rate expressions resemble those for H, 
and DMDS in the pyrolysis of MMS for the case of linear 
termination of the chain. The rate expression for IMDS, 
See) siSeSimitareto that. for Hos Od ee 09 ea Dine 
contains one additional term, R(Polymer). However, since 
the rates of formation of Hy and of TMDS were essentially 


the same (cf. Tables IV-3 to IV-5 and Figure IV-2), the 
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formation of polymer in the pyrolysis of DMS at low 
conversions must be very minor and this term can therefore 
be neglected. The coefficient of the first order term in 


eq. (11) contains only the rate constant k TiSeat Sed 


Ole 
consequence of the fact that the chain termination step, 
reaction (08) 


Me,SiH- + product (08) 
wall 


was assumed not to produce any significant TMDS. 

The reaction orders for Ho and TMDS formation 
were very close to unity (cf. Table IV-6), and thus the 
relative contribution of the first order terms in) nate 
expressions (10) and (11) must be considerably more 
important than that of the second order terms. 

The reaction scheme predicts that the rates of 
TMS and MMS formation should be the same, and be second 
order with respect to the substrate. Experimentally, 
the reaction orders for both products were v 2.0 but 
the yields of MMS were always somewhat lower than those 
of TMS. However, thermal decomposition of MMS is certain 
to take place at the temperatures used in this study and 
this, could explain the smaller yields) Hence tne wdata 
on TMS will be used for the following kinetic treatments. 

Since R(polymer) in eq. (11) can be neglected, 


equations (10)-(i2) can be rearranged to give: 
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02 
Tomsy ~ (Koz *kgo) + koe ae [DMS] (14) 
2k 
R(TMDS) | 02 
tye S Kae asap CONST (15) 
08 
2k 
R(TMS) | 02 
neo = k SONS | 16 
DMS 09-1 Kog (16) 


Ite Kinetic plots of equationse (14) “and (15), cusing the 


Parencatd for H and TMDS both in the presence and absence 


of ethylene given in Tables IV-3 to IV-5 (excluding those 
denoted by asterisks) are shown in Figure IV-5. 
The plots are linear and the first and second order 
coefficients at different temperatures, determined from 
the intercepts and slopes, respectively, are listed in 
Tables IV-7 and IV-8. From Table IV-7, Ky tkoo 2 Koy and 
tneretore the radical contribution to the Ho and TMDS 
yields must be very small. Koo will henceforth be 
neglected in the first order coefficient term. 

There is an alternative and probably more 
accurate method for evaluating these rate constant ratios. 

[towill be recalled} Get? Section. 1 blsB. 421i) 
that in the pyrolysis of MMS. there: 1s aagood coprelation 


between the rates of formation of the products formed in 


thesradical process, i1,e@. DMS. Ho Rad and DMDS pag and that 


this correlation is actually predicted by the reaction 


mechanism. A similar correlation between the minor 
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Figure. 1V=5:. Plots. of Equations. (14) and#(15) at Different 
Temperatures. 
©, @ -Rate (H,)/ [DMS ] versus [DMS]; 


A, &-Rate (TMDS)/[DMS] versus [DMS]. 
The Closed Symbols (@,A) Refer to 
Experiments in the Presence of Ethylene. 
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TABLE LV=7 
First Order Rate Constants 2 for H. and TMDS Formation 
in the Pyrolysis or DMS 


Firs tu0vder Rates Coet tacdenice Ss 
Temp. , tte hi aa ia eee 
2G (lesa La en) ken) (kre) cn) 
01 “02 is Ol" tps 01 Ho Ol" tMps 
500 ear even ene SP ea 
490 DL wraner hie Gk Oe tepsiar 
480 3.7x107° Ae Oe oe eerain 
460 orate 2 Wapame alsin ara 
440 Sania e apc oe pibayeee | fe ipenane 


nn 


Since few points were available, error limits are not 


quoted. 
" From equation (14), Figure Iy-5. 
© From SGulat One lo emte gu iceemay oe 
d From equation (17), Figure IV-6. 
) 


From equation (18), Figure IV-6. 
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TABLE IV-8 
Rate C i 
ee Ratios Kg eK go/ Kae» for Ho and TMDS 
Formation by the Radical Process in the Pyrolysis 
of DMS at Different Temperatures 


k O02 Mae 
06 Ko, 

Temperature, ap hae ae OC 

oC H, TMDS 
500.0 Peay iNale su ee OO: 
490.0 eT OWI eo OR 
480.0 Wirdheis secs 
460.0 eee 2 vebealoc. 
440.0 aextow saunas xto# 


Error limits are not quoted since few 
points were available. 


Slope of the plot of eq (14). 
: Slope of the plot of eq (15). 
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products TMS and MMS and H and TMDS is also 


2,Rad Rad 
predicted by the proposed mechanism for the pyrolysis 
Of DNSeee bus substitution of eq. (loyeinte (14) andi Vay 


yields 


= k 2 0G = R( TMS) (ie 
[DMS] 01 Ko 9-] [DMS] 


RUOMDS) Be coe KO6 R( TMS ) (18) 
~TDMS] Ole keer Pisa 


The plots of equations (17) and (18), using 
the data in Tables IV-3 to IV-5 (in the absence of 
ethylene) are illustrated in Figure IV-6; 
Significantly, even the abnormally high rate data denoted 
by an asterisk in Tables IV-3 and IV-5 could be included 
im these plots. he rate data derived from the slopes 
and intercepts are listed in Table IV-7 and IV-9, 
respectively. The results are in good agreement with 
those derived from the slopes and intercepts a 
equations (14) and (15) and thus support the proposed 


mechanism. 
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Figures (V=6. Plots of Equationss( 17) «and 18) at 
Difierent. Tenperatures: 
© -Rate (H,)/ [DMS ] versus Rate(TMS)/[DMS] 


A -Rate (TMDS)/[DMS] versus Rate(TMS)/[DMS] 
* -Experiments in the "surface-active" 
cell (cf. Tables IV-4 and IV-5). 
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TABLE IV-9 
Rate’rConstant ‘Ratios ¢ Kg 6/Kgg-] bor H., and TMDS Formation 
by the Radical Process in the Py Oly S1:Su0 1 (OMS 
at Different Temperatures 


Rate Constant Ratio k.-/ 
Temperature, i Sern iiie eae on oa) 


ae Ho ins © 
500 G7a2 0.34 
490 Oued mi Oned 
480 Mey. ee 
460 0.17 0.18 
440 NS Oe 


Error limits are not quoted since few points were 
available. 


Slope or the plot of eq. (17). 
Slopesof the splot Ofseq.) (id). 
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4. Arrhenius Parameters for the Molecular and Radical 
processesmin the Pyrolysis of Dimetiy ls) lane 


(i) Molecular Process 
The first order rate constant Ko] has been 


derived: trom four kinetic DlotSsuusingmtwors la gituly 


different methods of treating the experimental data. Al] 


four values, listed in Table IV-7, are in excellent 
agreement at all temperatures and are plotted in the 
Arrhenius form in Figure IV-/7. From the intercept and 


slope, 


-] 


log Koy (Sie) eae AS ose OU0) Zeer : 


with estimated errors of 
Alog kj, (s-') = 40.3 + (1,000)/2.3 RT 


The activation energy and the A-factor for 
reaction (01) are higher and lower, respectively, than 
the corresponding values ian ‘the pyrolysis of (UMS. BGs <2 


oO ee 


kcal/mol and 10 S which is in agreement with the 


higher thermal stability of DMS (vide supra). 


(ii) Radical Process 
The rate constant ratios ko¢/kgg_1 and kog 
(2k g5/kgg) obtained by different kinetic treatments are 
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Arrhenius Plot for the First Order Rate 
Constant Koy : 
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given in Tables IV-8 and IV-9, and the corresponding 
Arrhenius plots are shown in Figures IV-8 and IV-9. 
The plots are reasonably linear but there is considerable 
scatter which, however, is not surprising in view of the 
fact that the radical process is largely heterogeneous 
and relatively few experimental points could be used. 

The apparent Arrhenius parameters for the 


radical process are given in Table IV-10. 


Thus Egg-Egg_, = 1642 kcal/mol, which indicates 


that the reaction 


Me,SiH + Me 


D 9 Sat) ee (06) 


: ae, 
oS TH (Me 9 


Z 2 


requires a considerably high activation energy in 


comparison with that of reaction (09-1) 


Me,SiH + Me,SiH, > Me ,SiH, + MeSiH, (09-1) 


It may be noted that E for the analogous reaction 


involving methylsilyl radicals 


© 


MeSiH, + MeSiH, + (MeSiH,), + H (6) 


has been estimated to be 13-15 kcal/mol (cf. Section 
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Figure IV-8. Arrhenius Plots for the Rate Constant Ratio 
k gg (2kgo/kgg) > based on Hos (Os) sande uhDSs 


(A) Formation in the Pyrolysis of DMS. 
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Figure IV-9. Arrhenius Plots for tne Rate Constant Ratio 
kgg/Kgg-1> based on H,, (@), and TMDS, 


(A) Formation in the Pyrolysis of DMS. 
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TABLE IV-10 
Arrhenius Parameters for the Rate Constant 
Ratios of the Radical Process in the 
Pyrolysis of DMS 


—ooooOoOoOoOoOOOOO 


Rate Constant Ratio log A E.> kcal/mol 


a 


(kKo6/Kog_}) 4.4+1.1 Wie 05a 
iD, 
b 
lone ) 3.9+0.5 15.6+1.7 
09-1 £ z 
TMDS 
eC 
Uy ge ante a0 fle 54.6+4.2 
H. 
d e 
pcan (Aaya a 12.4+0.8 56.2+2.8 
06 ‘“*02/ “og ~ = 
TMDS 


e Slopesor tnesplotsot equine )c 
: Slopesot tne plot. of eq. alc )e 
s Slope of the plot of eq. (14). 
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a dimethylsilyl radical is heterogeneous then EQG-1 might 


indeed be very smali. In any case E Will be at? least 


06 
16-20 kcal/mol, and could in fact be much higher. 


Since FOG is relatively high and since reaction 


(06) 1s a chain propagating step, it follows that the chain 


length must be shorter than that in the case of MMS and 


consequently R(H and R(TMDS) 9.4 will not contribute 


2) Rad 
very much to the overall rates. This may explain, at 


least partly, why ethylene has no observable effect on the 


H, and TMDS yields. 


2 
From the data in Table [V-10, 


E Nano ON Carl ani@ | 


OR 


Since Ey, > 16 kcal/mol and the activation energy En, for 


the heterogeneous chain termination reaction 


Me, SiH” + products (08) 
wall 


is probably very small and can be neglected in comparison 


and E 


with E the activation energy EO? for the chain 


02 Ose 
initiation step 


Me,SiH, > Me SiH + H (02) 


can be estimated to be 


Eno oo kcal l/ mot 
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since ithe first bond dissociation energy in 
dimethyisilane, D(Me,SiH-H), is very close or equal to 
that of D(MeSiH,-H) m0. kcal/mole orase ct On allt wus. 1.) 
it must be concluded that the primary reaction step (02) 


is heterogeneous, just as in the pyrolysis of MMS. 


It is significant that the data from experiments 
performed in a highly surface active vessel could be 
immeorporated in the. linear aplots (Of seqcu (7) sands (wo je, 
Figure IV-6. It would appear therefore that 
Wall er fectsnare “compensa ted "for "in atic particular 
kinetic treatment. Further, more detailed experiments 
should be very instructive in the elucidation of the 


nature of these radical processes. 


5. Some thermochemical Implications of the Arrhenius 
Parameters for the Molecular Process 


It has been shown that Koy oe Koo and therefore 
the Arrhenius coefficients Es = 68.0 kcal/mol and 


log Aes) = 14.3, refer to the primary molecular step, 


(CHy)SiHy > (CH) ,Si: + Hy (01) 
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(i) Activation Energy 

Assuming that the activation energy for the 
reverse reaction (-01) is-approximately 8 kcal/mol (i.e. 
the same as that estimated for the analogous reaction 
CHSiH: P Hos see Section II1.B.5.i1), the enthalphy 


change for reaction (01), ee Wid le ber 


AH 4 = EO Eo = 68-8 = 60 kcal/mol 
Since 
o | 6) me ) : fe) 
AH) = AH, (Me,Si:)-AHe(Me,SiH, ) = AH-(H,) 
fe) : é : V3 14 
and AH; (Me,SiH,) is approximately -16+1 kcal/mol 3 


AHe(Me,Si:) ~ 44 kcal/mol; 


this value tS considerably higher ‘than earlier estimates: 


ey, iz ‘a 


29 » and 6 keal/mol Even though the 


Grade 23 
estimated activation energy E_), used IMeuner Caeulla tion 
of the reaction enthalphy A may be somewhat higher 
thane kcal/mol. it TS unlikely to be was snl Gneas6 


kcal/mol, implied in the low value of 16 kcal/mol for 
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AH ¢ 


(Me,Si:). 
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Clo. 


AH = D(Me,SiH-H) + D(Me,Si-H) - D(H-H) 


2 


and since D(H-H) = 104 kcal/mol erie 


D(Me,SiH-H) =~ 90 kcal/mol, the second bond dissociation 
energy D(Me,Si-H) is D(Me,Si-H) = 104+60-90 = 74 kcal/mol. 
This is lower by approximately 16 kcal/mol than the first 
BDE, and is about 5 kcal/mol higher than the corresponding 
second BDE in MMS (D(MeSiH-H) ~ 69 kcal/mol, cf. Section 
iE ea Beeor ts). 

Since the first BDES in MMS and DMS are 
identical, it would therefore appear that the differences 
in the activation energies of the molecular processes 
Occurring in the pyrolyses of DMS and MMS, 68 and 63 
kcal/mol, respectively. reflect the differences in the 
second (Si-H)BDES. 

It should be noted, however, that the activation 
energies For insertion of Meosi: and MeSiH: into Ho were 
assumed to be the same and this might not be the caSe. 
Inuseit elt iSseassumed.,, forvexamp licys cna E ol alm Carey iNOnlt, 
which is quite plausible, then the second BDEs (Si-H) 
in both compounds become identical and the observed 
differences in the activation energies EO] and E, would 


simply reflect the differences in E_,, and E_, 
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(ii) The Preexponential Factor 


The RA TactoreT ore reactions ul eee Cues ie 
Can be aised to calculate the entropy of activation, ast, 
from the relation 
Ss ee 
_ ,ekT 0] 


Thus, at the mean reaction temperature, 460°C, 


ash, Hee orilion cera Ue 


indicating a somewhat more rigid transition state than in 
Cie GaSe On enio. 

By analogy with the primary molecular 
reaction (1) in the pyrolysis of MMS. reaction Olje is 
assumed to proceed via a three-centered cyclic 


transition state, 


eR vi ‘ a a + 
Si os le sa UCH es Si:+H, 
es ta : va “Sa ae 
CH. H H3 
(01) 
AcecnewectivaLl on entropy ast, Can be calcudated in 


tnoscame manner as before for MMS @(ct. sSsecta on Lih BR voce). 
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Again, since ast and Ast 


are zero and 
tran elec 


ast, = 0 (no change in symmetry numbers), the only 
Significant contribution to ast is expected to arise 
from Ast ae in particular from the changed stretching 
and bending frequencies of the Si-H bonds. 


The “catculvation. of: ast is shown in Table IV- 


vibs 
11; the Si-H bond frequencies in DMS were taken from the 


literature |!9. The new frequencies for the transition 


state were estimated as 


a he 


 Si-Hs# Si-H,DMS 


and the corresponding absolute vibrational entropies, 
Sanee St were calculated from Benson's tabulated 


deca 


From Table IV-11 is seen that the calculated 


activation entropy, 


4 t = oh 
AS ~y ASV; 3a). emu 


is in excellent agreement with the experimental value of 
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It seems therefore very likely that the 
transition state leading to elimination of molecular 
hydrogen in the pyrolysis of DMS and MMS is a three- 


centered cyclic complex. This may also apply to the 


unimolecular decomposition of other silicon hydrides. 
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CHAPTER V 
SUMMARY AND CONCLUSIONS 


Between 340 and 449°¢ monomethylsilane pyrolyzes 
to form hydrogen and dimethyldisilane as major products 
and dimethylsilane and polymer as minor products. The 


orders: of formation of H, and DMDS Vary “between 1.1 at 


2 
441°C and 1.6 at 340°C. the ratefof decomposition is 
Strongly affected by the nature of the surface but 
relatively little by the surface to volume ratio of the 
reaction vessel. 

In the presence of ~% 10% added ethylene the 
formation of hydrogen and dimethyldisilane is strongly 
Suppressed and that of dimethylsilane is completely 
imhitbi ted. dhe, orders of formation, oF H, and DMDS were 
both, l.0 at all temperatures. a1t, 1S: proposed thet the 


H, and DMDS yields formed under these conditions arise 


2 
solely. froma molecular process: 


Bie st tee eric) tu ecient lap) 
CH3SiH: f CH2STH4 = (CH,SiH,). (3) 
CH,SiH: > polymer (4) 


me Kinetic data for H, and DMDS yielded identical 


Arrhenius parameters, within experimental error: 
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USGyeum (Sea. 9550. ie (osenne sao) eceonip 


The second bond dissociation energy in monomethylsilane 


fe) 
ui 3 


kcal/mol. The entropy of activation is asi SO. Oeen ULeM 


is calculated to be 69 kcal/mol and AH>(CH.SiH:) = 53 


Assuming a three-centered activated complex, 


t 
1a ps 
H—C — Si----H 
ia 


s H 
the individual contributions to as} were estimated using 
established procedures and the close agreement between the 
calculated value, 6.1 e.u., and the experimental one 
Supports the suggested structure. 


The molecular product yields calculated from 

, molec 
] 

absence of ethylene) to obtain the following reaction orders 


were then subtracted from the total yields (in the 


for the products formed in the radical process at 415°C: 
12.6 (Ho) 1.5 (DMDS) and 1.5 (DMS). These values are 
indicative of a radical chain mechanism which is proposed 


to consist. of 
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initiation 
CHES 7H wore eeCHeS 1 He hate (2) 
3 3 wall 3 2 


propagation 


te ste CHP On teers aetlpaa CHSiH, (5) 
CHASiH, + CHSiH, +  (CH,SiH,), + H” (6) 
CHeSi He eGHe sii = CCHA)ASTHe ts Sihs e09eeq) 
SiH, + CH,SiH, > SiH, + CHSiH, (Jae?) 
termination 
2CH SiN, > (CHASiH,), (7) 
CHaSiH, + product (8) 
wall 


The reaction sequence (1)-(9) cannot be solved since two 
types of chain termination steps are possible. Kinetic 
Creaenene performed for the two extreme cases of 
quadratic termination, i.e. reaction (7) and linear 


termination, (8) led to the following relations for R(H,): 


R(H,, ) k quad 
CeO aes quad 2\% 5 
== (Katka) Gale [MMS]* (I ) 
[MMS ] len 6 ko 
R(H, ) : ok in 
Ae Ee Pe ee [MMS] (11) 
MMS oe 6 Ke 


The experimental data obey the predicted Vinearity, 
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terms in eqs ( I) and (II) correspond solely to Ho 
formation by the radical process. 

From the Arrhenius parameters of the second term 
coefficients for the radical process obtained from the 


slopes of the plots of eqs (1) "and GI?) "the fol towing 


rate parameters can be estimated for the initiation reaction 


(2) for the two cases of quadratic and linear termination: 


log ieee (se js 8 eC 7 CONN Ce eaRT) 


2? 


1 | 
log Re (s7') = (7<<8) - (28,000)/(2.3RT) 


Since the activation energy for each of these cases is 


much less than D(CH SiH,-H) and the preexponential factors 


3 
are several orders of magnitude less than the value 
10 eee oo normally associated with a unimolecular 


homogeneous decomposition, it is concluded that the 
radical initiation step (2) is heterogeneous. 

The chain length of the radical process is 
6 


estimated to be » 10° and the chain termination step (8) 


is probably heterogeneous. Most of the products arising 


from radical precursors are formed in the chain propagation 


reactions. 


The results obtained from the pyrolysis of 
dimethylsilane are not as extensive but still allow 


meaningful conclusions. Dimethylsilane pyrolyses between 
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440 and 500°C to yield hydrogen and 1,1,2,2-tetramethyldi- 
Silane (TMDS) as major products and trimethylsilane (TMS), 
monomethylsilane (MMS) and polymer as minor products. | 

As in the case of monomethylsilane the rate of decomposition 
depends on the nature of the: siirface. but to a lesser 
degree. The orders of formation are » 1.1 (Ho); Wan lieal 
(TMDS), ~ 2.0 (TMS) and ~ 2.0 (MMS). Ethylene has no 


apparent effect on the H, “and IMDS yields but those ot 


2 
the minor products TMS and MMS are strongly suppressed. 
Aemechanism formally Similar to thatoin the pyrolysis! of 
monomethylsilane is proposed, consisting of two parallel 
molecular and radical processes. From the data on Hy and 


TMDS the following rate parameters were measured for the 


molecular primary step: 


Sie at Si: (01) 


2 2 + (CH 


(CH), 3)2 


log karieat ) =f 148-29 (683000)/i2. BRI) 


The second bond dissociation energy in 
dimethylsitane, « 7/4 kcal/mol , is again considerably 
bowerethan the first and the calculated “entropy, om 
AGCtcIVAatTIONs, o+1 @.U., 1S In agreementrwitn the 
experimentally observed value 3.2 e.u. when a three- 
centered transition state is assumed. VTE S18) is 
potinatedeto pe ~ 44 kcal/mol. Ihe Padical sconponent .o7 


the overall rate was estimated in a manner similar to the 
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case Of monomethylsilane. Since only linear termination 
of the chain is assumed to take place, kinetic treatment 


is simplified and leads to the relations 


RC Hy) 2kao 
[DMS] = (ko tkgo) + kG ae [DMS } (adel 1) 
BERRBSE = Koy gg GSE L0HS1 a) 
where Koo refersr to the radical Wnitiat ions tep 
(CH,),SiH, > (CH,),SiH + H” (02) 


and the higher order rate constant terms refer to the 
chain propagation and termination steps. From the 
temperature dependence of these ratios it is concluded 
thatE < 39 kcal/mol and therefore reaction (02) is 


02 
heterogeneous. Similarly to the case of monomethylsilane, 


02 

The radical chain length is several orders of 
magnitude less than that in tne pyrolysis of monomethylsi- 
lane because one of the chain propagating steps features 
aerelravively nmign’ acGiVvarion energy. 
These results are in excellent agreement with 


the edrimer prediction that molecular decomposition oF 
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Silicon compounds becomes increasingly important as the 
energy available decreases. The use of ethylene as a 
Silyl radical scavenger in thermal Systems has 
demonstrated how the radical and molecular processes can 
be elucidated and how the notorious surface effects can 
be minimized. Caution must be exercised however since 
the yields of the major products from the pyrolysis of 
dimethylsilane were not suppressed by ethylene. Either 
ethylene cannot scavenge dimethylsilyl radicals, or, 
because of the shorter chain length, tne radical yields 
of Ho and TMDS are very small. Further work is obviously 
necessary. 

By analogy, it is highly probable therefore that 


monosilane, SiH also decomposes by two independent 


4? 
molecular and radical processes and the present controversy 
in fact revolves around their relative importance. If the 
radical chain length is long, then the results often 
Mueted (ct. oeCllony I). Aa) 11) Hine SUpDOrte0t ehaglcal 
initiation may be misleading since they tend to point to 
a highly overestimated importance for this reaction. The 
use of ethylene as a radical scavenger in this system should 
unambiguously resolve this problem. 

Finally, it has been shown that heterogeneous 
reactionse play a very important rolesin thes pyrolysis sor 


monomethyl- and dimethylsilane. In both cases the initial 
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Si-H cleavage is definitely heterogeneous and there is 
Strong evidence that one or more of the chain terminating 
steps are heterogeneous as well. These reactions are 
responsible for the formation of the minor products which, 
in’ future Work, Might De™Suitablevas monitors for 


heterogeneous processes. 
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APPENDIX {| 
MASS SPECTRUM OF METHYLETHYLSILANE 
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APPENDIX II 
MASS SPECTRUM OF DIMETHYLETHYLSILANE 
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APPENDIX ITI 
CORRECTION PROCEDURE FOR DECOMPOSITION OF POLYMER 


The polymer formed in the pyrolysis of 
monomethylsilane is thermally unstable and decomposes 
slowly to yield hydrogen and methane as major products. 
The rate of decomposition increases with the extent of 
polymer deposition and the observed hydrogen yields 
from the pyrolysis of monomethylsilane must therefore be 
corrected for degassing of the polymer. The correction 


procedure is illustrated in Figure AIII-1. 
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Figure AIII-1. 


242, 


Reaction 
Yield 
e 
(-) : 5 
Do Reaction Time 
{-) 
TOumnO 30 40 #50 60 


Time ( min) 


Correction of tne Observed He 


Yields for Decomposition of the 
Polymer. 

A-degassing before tne experiment, 
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The difference between A and B 

at the midpoint of the reaction 
time corresponds to the actual 
yield. 
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